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Prof. Dr. José Cândido Silveira Santos Filho (Presidente, FEEC/UNICAMP)
Prof. Dr. Bartolomeu Ferreira Uchôa Filho (EEL/UFSC)
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Abstract
Underlay spectrum sharing has been proposed as a promising technique to alleviate the
problem of spectrum scarcity and underutilization, by enabling secondary (unlicensed) users
to concurrently access a licensed band, provided that the resulting interference on the primary
(licensed) users remains below a given acceptable level. However, such a technique implies that
the transmit power at the secondary network must be constrained, thereby compromising the
communication reliability and coverage. To counteract this, cooperative relaying techniques,
which provide a new form of spatial diversity, can be exploited as an effective means to boost
the performance of the secondary network. Indeed, the joint use of both techniques—underlay
spectrum sharing and cooperative relaying—in cognitive relaying networks has drawn special
attention, since the overall spectral efficiency and the secondary-network performance can be
significantly improved.
This dissertation comprises four main contributions in this field. In particular, we examine
the combined effect of two crucial power constraints on the outage performance of cognitive
relaying networks, namely, the maximum tolerable interference power at the primary receiver and
the maximum transmit power at the secondary users. We focus on relaying schemes operating
under the decode-and-forward protocol, for scenarios in which the direct link between source
and destination is available to convey useful information. As a first contribution, we analyze
the performance of two incremental half-duplex relaying schemes, which exploit the spatial
diversity of the direct links in a multiuser scenario. Our second contribution investigates the
impact of outdated channel estimates on the destination-scheduling mechanism of one of those
incremental schemes, from the perspective of a cooperative network only, that is, in the absence
of spectrum sharing. The third contribution addresses cognitive full-duplex relaying networks.
More specifically, we assess the system performance as a function of both the residual self-
interference, which is inherent to the full-duplex relaying mode, and the underlay spectrum-
sharing power constraints. As a final contribution, driven by the tradeoff between the spectral-
efficiency loss and the residual self-interference problem, intrinsic to the half- and full-duplex
relaying modes, respectively, we propose and analyze an adaptive transmission scheme whereby,
before each communication process, one out of the following transmission modes is selected: half-
duplex relaying, full-duplex relaying, or direct transmission. For all the considered scenarios,
exact analytical expressions for the outage probability are derived. In addition, an asymptotic
analysis is performed to obtain further insights on the diversity order and outage behavior of the
secondary network at the high signal-to-noise ratio regime. Monte Carlo simulations corroborate
the accuracy of the presented mathematical analysis.
Keywords: cognitive radio; cooperative diversity; decode-and-forward; full-duplex relaying; half-
duplex relaying; outage probability; residual self-interference; spectral efficiency; underlay spec-
trum sharing.
Resumo
O conceito de compartilhamento de espectro do tipo underlay tem sido proposto como
uma técnica promissora para contornar o problema da escassez e da subutilização do espectro,
permitindo que usuários não licenciados, chamados de usuários secundários, possam acessar
simultaneamente uma banda licenciada, alocada aos usuários primários, desde que o ńıvel de
interferência sobre os mesmos seja mantido abaixo de um dado limiar aceitável. Entretanto, isso
implica que a potência de transmissão na rede secundária deve ser restringida, comprometendo
assim a confiabilidade e a cobertura da comunicação. A fim de contornar esse problema, técnicas
de retransmissão cooperativa, as quais proveem um novo tipo de diversidade espacial, podem
ser exploradas como um meio eficaz para melhorar o desempenho da rede secundária. De fato,
a utilização conjunta de ambas as técnicas — compartilhamento de espectro do tipo underlay e
retransmissão cooperativa — em redes cooperativas e cognitivas tem recebido especial atenção,
já que a eficiência espectral do sistema e o desempenho da rede secundária podem ser melhorados
significativamente.
Esta tese apresenta quatro contribuições principais na referida área. Em particular, estuda-
se o efeito conjunto de duas restrições de potência importantes sobre o desempenho de outage de
redes cooperativas e cognitivas, especificamente, o ńıvel máximo de potência interferente tolerada
pelo receptor primário e o valor máximo de potência transmitida nos usuários secundários. Foca-
se em esquemas de retransmissão baseados no protocolo decodifica-e-encaminha, abordando
cenários em que o enlace direto entre fonte e destino está dispońıvel para transmitir informação
útil. Como uma primeira contribuição, analisa-se o desempenho de dois esquemas baseados no
protocolo de retransmissão half-duplex incremental, os quais exploram a diversidade espacial
dos enlaces diretos em redes cooperativas e cognitivas multiusuário. A segunda contribuição
investiga o impacto de estimativas desatualizadas do canal sobre o mecanismo de seleção de
destino para um desses esquemas anteriores, focando-se apenas no aspecto cooperativo da rede,
ou seja, desconsiderando-se o uso de compartilhamento espectral. A terceira contribuição estuda
o desempenho de redes cooperativas e cognitivas baseadas no modo full-duplex. Para esse cenário,
avalia-se o impacto tanto da autointerferência residual, que é inerente ao modo full-duplex,
bem como das restrições de potência que caracterizam o compartilhamento de espectro do tipo
underlay. Como contribuição final, motivada pelo compromisso entre a perda de eficiência
espectral e o problema da autointerferência residual, próprios dos modos half-duplex e full-
duplex, respectivamente, propõe-se e analisa-se um esquema de transmissão adaptativo para
redes cooperativas e cognitivas, através do qual, antes de cada processo de comunicação, um
dos seguintes modos de transmissão é selecionado: retransmissão half-duplex, retransmissão full-
duplex ou transmissão direta. Para todos os cenários considerados, expressões anaĺıticas exatas
para a probabilidade de outage são obtidas. Adicionalmente, uma análise assintótica é realizada
a fim de caracterizar a ordem de diversidade e o comportamento de outage da rede secundária no
regime assintótico de alta relação sinal-rúıdo. Simulações de Monte Carlo validam os resultados
anaĺıticos apresentados.
Palavras-chave: autointerferência residual; compartilhamento de espectro do tipo underlay ; pro-
tocolo decodifica-e-encaminha; diversidade cooperativa; eficiência espectral; probabilidade de
outage; rádio cognitivo; retransmissão full-duplex ; retransmissão half-duplex.
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• E. E. Beńıtez Olivo, D. P. Moya Osorio, D. B. da Costa, and J. C. S. Santos Filho,
“Multiuser incremental decode-and-forward relaying under outdated channel esti-
mates,” Electron. Lett., vol. 51, no. 4, pp. 369–371, Feb. 2015.
Conference Articles
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In this chapter, we first provide the background relevant to the problems addressed in
this dissertation. In particular, Sections 1.1 and 1.2 give an overview on the definitions,
terminologies, and taxonomy related to cognitive radio and cooperative communications,
respectively. Then, in Section 1.3, we introduce the motivation of this study, as well as
summarize important related works in the area of cognitive relaying networks (CRNs).
Finally, in Section 1.4, we present the contributions and the outline of this dissertation.
1.1 Approaches for Cognitive Radio
The widespread adoption of various wireless technologies, coupled with an ever-increas-
ing number of new wireless services, applications, and devices have given rise to a tremen-
dous demand for radio spectrum, which is expected to grow even more in the near fu-
ture [1, 2]. Because of the static spectrum-allocation policies implemented by regulatory
agencies worldwide, spectrum scarcity has become a major problem. However, several
studies and reports conducted over the last years show that, despite being overcrowded,
most of the licensed radio spectrum is actually underutilized [3–5]. In light of this, some
major regulatory agencies have focused their efforts in improving the way in which this
prized resource is managed.
It is clear from the above considerations that a more efficient, flexible, and dynamic
use of the licensed radio spectrum, as well as the provision of higher data rates, increased
capacity, ubiquitous access, and improved reliability, is an imperative requirement that
any new wireless technology must meet so as to succeed [6, 7]. In this context, the con-
cept of spectrum sharing in cognitive radio networks has been envisioned as one of the
key technologies to alleviate the problem of spectrum shortage and underutilization, by
enabling secondary (unlicensed/cognitive) users to exploit the cognition of their environ-
ment to opportunistically access, under controlled or no interference, the frequency bands
allocated to primary (licensed) users1, provided that the target quality of service (QoS)
1By “cognition of their environment”, we refer to the knowledge of any obtainable side information
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of the primary network is not compromised [10–12]. According to the spectrum-sharing
approach, the operation of a cognitive radio network can be classified as follows [8, 9, 13]:
• Underlay Approach. In this approach, a secondary user is allowed to concurrently
access the licensed band, provided that the resulting interference on the primary
receiver remains below a given acceptable level, which is termed as interference
temperature [11]. To do so, the secondary user has to adaptively adjust its transmit
power according to the channel state information (CSI) of the interference link
up to the primary user, so as to meet the interference power constraint at the
primary receiver.
• Overlay Approach. This approach also allows a secondary user to simultane-
ously share the licensed band with the primary user. However, differently from the
underlay approach, the secondary user is required to know the primary-user mes-
sage and codebook, with a twofold purpose: (i) to cancel the interference on the
secondary receiver due to the primary-user transmission, for example, through en-
coding schemes such as dirty-paper coding [14], and (ii) to assist the primary-user
transmission, by allocating part of the power used in its own communication pro-
cess, so as to compensate the interference caused on the primary receiver. In this
case, the transmit power of the secondary user is not subject to any constraint from
the primary network, unlike the underlay approach.
• Interweave Approach. In this approach, a secondary user is allowed to access the
licensed band, as long as no interference is caused on the primary user. More specif-
ically, the secondary user is permitted to transmit only in the so-called spectrum
holes or white spaces, that is, space-time-frequency voids that are not currently in
use by the primary user. To this end, the secondary user has to monitor the primary-
user activity in order to opportunistically “interweave” the secondary transmissions
over the spectrum holes encountered through the space-time-frequency dimensions.
Clearly, there are a number of tradeoffs involved among the above spectrum-sharing
paradigms, and it is difficult to determine a priori which of them would have a better per-
formance for a given scenario. All in all, the underlay approach arises as the most flexible,
as it does not require sophisticated coding schemes or complex spectrum-sensing mecha-
nisms inherent to the overlay and interweave approaches [15]. In addition, the amount of
side information required by the underlay strategy is considerably less than that required
by the overlay and interweave counterparts [9]. In particular, the underlay approach
requires that the secondary user knows only the interference-channel condition to the
primary receiver. By contrast, in the overlay approach, the secondary user is required to
know the channel condition, encoding technique, and possibly the message of the primary
about the activity, channel conditions, codebooks, or messages of the primary users [8, 9].
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user, whereas the interweave approach requires knowledge about the primary-user activity
in order to find the spectrum holes. In this work, we focus on the performance analysis
of secondary networks operating according to an underlay spectrum-sharing approach.
Next, we move on to some basic concepts for cooperative relaying networks.
1.2 Cooperative Diversity
In parallel to the cognitive-radio paradigm, cooperative relaying has emerged as a
promising spatial-diversity technique for combating channel fading and thus boosting the
transmission performance in wireless communication systems2. The basic idea of coop-
erative relaying is to leverage the antennas available at neighboring nodes (a.k.a. relays)
in the network, with the aim of emulating a distributed antenna array, thereby creating
a new form of spatial diversity, referred to as cooperative diversity [17–19]. This way,
even single-antenna nodes are able to achieve the same benefits offered by multiple-input
multiple-output (MIMO) systems, namely, spatial degree of freedom, increased spectral
efficiency, and diversity [20]. Indeed, relaying techniques can be traced back to the pio-
neering information-theoretic results on the classical relay channel with three nodes (i.e.,
consisting of one source, one relay, and one destination) by Van Der Meulen [21], and the
capacity theorems by Cover and El Gamal [22]; followed by the seminal works on user
cooperation diversity and relaying protocols by Sendonaris et al. [17] and Laneman et
al. [18]. In particular, a variety of low-complexity, cooperative protocols are proposed
in [18], which enable a pair of single-antenna nodes in a network to exploit spatial diver-
sity by relaying signals for one another. That work develops and characterizes the outage
performance of three cooperative strategies: fixed, selection, and incremental relaying,
which are described next.
• Fixed Relaying. In this strategy, the relay always cooperates in the communi-
cation process between the source and the destination. That is, in addition to the
direct transmission (DT), the relay continually forwards the source signal to the
destination, irrespective of the channel conditions.
• Selection Relaying. In this case, the relay performs threshold tests on the in-
stantaneous signal-to-noise ratio (SNR) received from the source in order to adapt
its transmission strategy. Specifically, if the received SNR at the relay falls below a
given threshold, the source retransmits its information to the destination via direct
link. Otherwise, the relay forwards the information received from the source.
2This new transmission paradigm has become an integral component in the standardization process
of modern wireless networks such as 3GPP LTE-Advanced and WiMAX IEEE 802.16 and, most likely,
the next-generation networks will benefit from the deployment of relaying techniques [6, 16].
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• Incremental Relaying. In contrast to the fixed and selection relaying, which can
make inefficient use of the channel resources, since the information is retransmitted
all the time, incremental relaying invoke the relaying transmission only when the
DT is not good enough. To this end, source and relay exploit limited feedback from
the destination, for example, by employing a single bit to indicate the success or
failure of the DT. This way, incremental relaying improves the spectral efficiency
over fixed and selection relaying.
As usually considered in the literature, for the above relaying strategies, the destination
is assumed to employ a maximal-ratio combining (MRC) technique to merge the signals
coming from the source and relay.
1.2.1 Relaying Protocols
According to the signal processing performed at the relay, the relaying techniques
(including those mentioned in the previous section) can be categorized mainly into two
protocols, as follows [18]:
• Amplify-and-Forward (AF). It is regarded as one of the simplest relaying pro-
tocols, since the relay just amplifies and retransmits the received signal. Depending
on the amplification factor used by the relay, this protocol can be further classified
as (i) variable-gain (a.k.a. CSI-assisted) AF relaying, in which the amplification
factor is a function of the instantaneous CSI of the link between the source and
relay, and (ii) fixed-gain (a.k.a. semi-blind or blind) AF relaying, in which the am-
plification factor assumes a fixed value. In this latter case, the amplification factor
can be a function of the long-term statistics of the source-to-relay channel (i.e.,
semi-blind relaying), thus remaining constant over a given time interval, or it can
be set to a predefined value (i.e., blind relaying), for example, during the relay node
manufacturing.
• Decode-and-Forward (DF). In this case, the relay detects, decodes, and re-
encodes the source signal prior to retransmission, by employing repetition or more
sophisticated codes. For a variety of scenarios, the DF protocol has shown to be more
effective with respect to well-known performance metrics such as outage probability
or bit error rate (BER), especially under low SNR conditions [19].
1.2.2 Half- and Full-Duplex Relaying Tradeoff
According to the relay operation, the relaying techniques can be classified in two ba-
sic modes, namely, half-duplex (HD) relaying and full-duplex (FD) relaying. In the HD
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relaying mode, the relay receives and forwards signals in orthogonal channels (e.g., or-
thogonal time slots), thus consuming twice the channel resources required by DT and,
consequently, incurring a loss of spectral efficiency [18]. On the other hand, the FD re-
laying mode enables the relay to receive and forward signals concurrently on the same
frequency band, thereby retrieving the spectral-efficiency loss inherent to HD relaying.
However, the spectral-efficiency improvement of FD relaying comes at the expense of self-
interference at the relay, which is induced by the signal leakage from the relay output
to its input [23, 24], thus worsening the system performance. In this respect, there have
been substantial efforts in the design and implementation of different self-interference
mitigation techniques, by considering single-input single-output (SISO) and MIMO re-
lay setups. These include the following: (i) passive suppression schemes, whereby the
self-interference signal is suppressed in the propagation domain before being processed
by the receiver circuitry, such as natural isolation, orthogonal polarization, antenna se-
lection, beam selection, and null-space projection [24–28]; and (ii) active (digital/analog)
cancellation schemes, whereby the self-interference signal is mitigated by subtracting a
processed replica of the transmitted signal from the received signal [29–32]. However, be-
cause of practical implementation limitations and non-idealities, these techniques cannot
guarantee a perfect self-interference mitigation. Then, FD relays may still suffer from a
remaining level of self-interference—referred to as residual self-interference (RSI)—which
cannot be regarded simply as Gaussian noise [30]. Indeed, the RSI is usually modeled as
a fading channel and, as such, it can significantly impact the performance of the system,
rendering its diversity order3 nil [23, 35]. All in all, the works in [23–32] have shown that
FD relaying is feasible, even in the presence of RSI; however, it is desirable to keep its level
to a minimum, so as to achieve an improved performance with respect to HD relaying.
Clearly, this poses a tradeoff between the spectral-efficiency loss and the self-interference
problem inherent to the HD and FD relaying modes, respectively. In order to find a
balance, some relaying schemes that adaptively operate in HD or FD mode have been
proposed [23, 35]. For example, in [23], a hybrid FD/HD relaying scheme was introduced
to maximize the instantaneous and average spectral efficiencies. In that work, the switch-
ing boundaries between the FD and HD relaying modes were provided, considering both
AF and DF relaying protocols. Such a hybrid FD/HD relaying scheme was shown to
achieve a significant performance improvement with respect to using either the HD or FD
relaying mode alone. It was also shown that the FD relaying mode outperforms the HD
relaying mode, as long as the RSI can be mitigated below the noise level. In turn, in [35],
an optimal relay selection strategy, based on the hybrid FD/HD relaying policy in [23],
was investigated in terms of outage probability. This hybrid relay-selection scheme was
shown to be superior to the HD-based relay-selection schemes, as well as to overcome the
3As well known, the diversity order is determined by the maximum number of independent paths
between the source and destination [33, 34].
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zero-diversity problem of FD-based schemes.
1.3 Motivation and Related Work
So far, we have provided a brief background information that is necessary for the ma-
terial covered in this work. However, the following question remains: what is the primary
motivation for the joint use of underlay spectrum sharing and cooperative relaying tech-
niques? In the design of underlay spectrum-sharing networks, one of the main challenges
is to balance the following two conflicting objectives: (i) protecting the primary users from
unwanted secondary-network interference and (ii) satisfying the QoS requirement of the
secondary users. Between them, the former is of higher priority, so that strict constraints
on the received interference power at the primary users need to be established. Simply
put, the transmit power at the secondary users must be limited. Owing to this fact,
the performance of an underlay cognitive radio network is subordinated to the channel
statistics of the interference links from the secondary users to the primary users, thereby
jeopardizing the communication reliability and coverage of the secondary network. To
counteract this, the benefits of cooperative diversity, offered by relaying techniques, can
be exploited in cognitive radio networks as an effective means to improve the performance
and coverage extension of the secondary-user transmissions, without increasing the overall
transmit power, while meeting the interference power constraint at the primary receivers.
By virtue of the remarkable potential for improving the overall system spectral effi-
ciency as well as the secondary-network performance, cognitive relaying networks, which
leverage both underlay spectrum sharing and cooperative relaying techniques, have re-
cently received special attention from the research community [36–45]. For example,
in [36–38], by employing a certain relay-selection policy, the outage performance of un-
derlay CRNs consisting of one secondary source, multiple secondary DF relays, and one
secondary destination has been analyzed. In particular, in [37], by considering both the
interference power constraint at the primary receiver and the maximum transmit power at
the secondary nodes, it was demonstrated that CRNs can achieve the same full selection
diversity order as conventional relaying networks without spectrum sharing. In [39], the
outage probability of a dual-hop CRN employing DF relaying in a Nakagami-m fading
environment was analyzed. Therein, the interference power constraint was shown to cause
an outage probability saturation (i.e., the diversity order of the system was equal to zero).
Although the latter analysis may seem to be contrary to the result in [37], in which the
diversity order was shown to be preserved, even in the presence of the interference power
constraint, this can be explained by the different assumptions adopted in those works.
More specifically, in [37], the interference power constraint was assumed to be propor-
tional to the maximum power level at secondary nodes, whereas in [39] the interference
power constraint was kept fixed.
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Some other examples of relevant works studying CRNs include [40–45]. In [40], the
outage probability of a dual-hop CRN with a single AF relay was derived, considering only
the interference power constraint at the primary receiver. That work was later extended
in [41], by considering both the interference power constraint at the primary receiver
and the maximum transmit power at the secondary nodes, over a Nakagami-m fading
environment. In [42], considering an underlay spectrum-sharing scenario, the asymptotic
outage behaviors of three relay-selection strategies, namely, selective AF, selective DF, and
AF with partial relay selection were investigated. In [43], the impact of multiple primary
transceivers on the outage performance of a dual-hop CRN with a single DF relay was
examined. More recently, in [44], the BER, spectral efficiency, and outage performance
for a CRN composed of one secondary source, one secondary relay, and one secondary
destination, operating under the incremental AF protocol, were analyzed. Moreover,
in [45], the outage performance of an underlay cognitive DF relaying network with the
Nth best-relay selection scheme over Nakagami-m fading was studied, considering both
the maximum transmit power limit and the interference power constraint.
All of the aforementioned works are focused on the performance of CRNs operating
under the HD relaying mode. On the other hand, studies addressing cognitive FD re-
laying networks are still scarce [46–48]. The work in [46] was pioneer in introducing FD
relaying in an underlay spectrum-sharing scenario. Therein, the outage probability of a
CRN consisting of one secondary source, one secondary FD-DF relay, and one secondary
destination was derived. The system model in [46] considered that the primary receiver
experiences interference from the secondary source and relay concurrently, due to the FD
relaying operation. In addition, the direct-link transmission was treated as interference at
the secondary destination. By contrast, in [47], the direct-link transmission was assumed
to be a source of useful information. Under this assumption, the outage probability of an
underlay CRN employing FD-DF relaying was derived. Very recently, in [48], the outage
performance for a selective FD-DF relaying scheme with underlay spectrum sharing was
examined. However, the works in [46–48] considered only the effect of the interference
power constraint on the performance, disregarding the maximum transmit power level at
the secondary nodes.
Despite all the progress achieved so far, there are several open issues to be addressed
in underlay CRNs. This dissertation aims to partially fill those gaps. Among them, we
highlight the following:
• Although a myriad of cooperative schemes have focused on exploiting the spatial di-
versity offered by relay selection schemes in CRNs with multiple relays (see, e.g., [36–
38, 42, 45]), the impact of multiuser diversity (MUD) on the performance of CRNs
with multiple destinations has not been well understood yet. Furthermore, most of
the related works have considered that the direct links (between source and desti-
nations) are unavailable, under the assumption of severe shadowing and path loss.
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In the literature, this is commonly referred to as a coverage-extension scenario.
• In the context of conventional relaying networks (i.e., in the absence of spectrum
sharing), several works have analyzed the effect of outdated channel estimates on the
scheduling mechanism of relay selection schemes (see, e.g., [49–51] and the references
therein). However, the impact of outdated CSI on the scheduling mechanism of
relaying schemes with multiple destinations has not been well investigated, especially
under the incremental relaying protocol that makes use of the direct links.
• As pointed out previously, very few works have examined the performance of un-
derlay cognitive FD relaying networks [46–48]. In those studies, only the effect of
the interference power constraint at the primary receiver was taken into account.
Therefore, a more general framework that also includes the effect of the maximum
transmit power at the secondary nodes becomes necessary.
• Some adaptive transmission-mode schemes (usually referred to as hybrid schemes)
that switch their operation between the HD and FD relaying modes have been pro-
posed for conventional relaying networks without spectrum sharing [23, 35]. Those
schemes were proven to attain a significant performance gain over a system design
that is confined to either mode. However, how advantageous an adaptive transmis-
sion mode is for cognitive relaying networks under spectrum-sharing constraints is
still an open issue.
1.4 Contributions and Outline of the Dissertation
This dissertation comprises four main contributions in the area of cognitive relaying
networks, each of which addresses one of the issues raised in the last section, in a separate
chapter. In particular, we investigate the combined effect of two major power constraints
concerning underlay spectrum sharing on the outage performance of CRNs, namely, the
maximum tolerable interference power at the primary receiver and the maximum transmit
power at the secondary nodes. We focus on cooperative-diversity schemes employing the
DF relaying protocol, for scenarios in which the direct link between the secondary source
and destination is available to convey useful information. An outline of the remainder of
the dissertation is as follows, in which the key contributions of each chapter are provided:
• Chapter 2. This chapter contains our contributions published in [52–54]. The
permissions granted to reproduce their content are attached in Appendix A. Here,
we derive exact analytical expressions for the outage probability and mean spectral
efficiency of two spectrally efficient schemes, which exploit the spatial diversity of
the direct links in a multiuser scenario. We consider a secondary network composed
of one source communicating with the best one out of L available destinations
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under the assistance of an incremental DF relay. If the transmission through the
selected direct link drops below a given threshold, then the relaying transmission
is invoked. At this stage, two schemes are considered. In the first scheme, the
selected secondary destination employs MRC to merge the signals received from the
secondary source and relay. In the second scheme, MRC is employed as well, but at
a possibly different secondary destination, selected so as to maximize the SNR at the
combiner output. In both schemes, we consider underlay spectrum-sharing power
constraints. Asymptotic closed-form expressions for the outage probability are also
derived, which reveal that the proposed schemes can achieve full diversity order,
equal to L+1. On the one hand, this is the case if the maximum transmit power at
the secondary nodes is varied proportionally to the interference power constraint at
the primary receiver. On the other hand, if those quantities are varied independently
of each other, the outage performance shows a floor, once the transmit power at the
secondary nodes is mostly determined by the interference power constraint at the
primary receiver. Importantly, it is shown that in the high-SNR regime the mean
spectral efficiency of the considered schemes approximates that attained by DT.
• Chapter 3. This chapter contains our contributions published in [55]. The permis-
sion granted to reproduce its content is attached at the end of Appendix A. Here,
focusing on a conventional relaying network without spectrum sharing, we derive an
exact closed-form expression for the outage probability of one of the above-referred
incremental DF relaying schemes, when affected by outdated channel estimates. In
this scheme, a source communicates with the best destination under the assistance
of an incremental DF relay, with the direct- and relaying-link signals being merged
via MRC. A simple asymptotic expression is also derived for the outage probability,
revealing that the outdated channel estimates reduce the system diversity order to
two, regardless of the number of destinations available.
• Chapter 4. This chapter contains our contributions reported in [56]. Here, we
investigate the outage performance of a CRN composed of one source, one FD-DF
relay, and one destination. The following key issues, relevant to underlay spectrum
sharing and FD relaying, are considered: (i) the overall transmit power at the
secondary network is constrained by the maximum tolerable interference on the
primary receiver, as well as by the maximum transmit power at the secondary nodes;
(ii) the relay is subject to RSI, which is modeled as a fading channel; and (iii) a
joint-decoding (JD) technique is employed at the destination in order to merge the
concurrent signals coming from the source and relay, thus treating the direct-link
transmission as information signal rather than interference. Herein, the effects of
the underlay spectrum-sharing constraints and the RSI are examined. To this end,
an arbitrary power allocation at the secondary network is performed. Exact and
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asymptotic closed-form expressions are derived for the outage probability, which are
validated via Monte Carlo simulation.
• Chapter 5. This chapter contains our contributions reported in [57]. Here, we
propose and analyze an adaptive transmission scheme for CRNs, whereby, before
each communication process, one out of three transmission modes is dynamically
selected in order to maximize the instantaneous capacity of the system, namely,
HD-DF relaying, FD-DF relaying, or DT with no cooperation. The following key
issues are considered: (i) the overall transmit power at the secondary network is
constrained by both the maximum tolerable interference at the primary receiver
and the maximum transmit power available at the secondary nodes; (ii) under FD
operation, the secondary relay is subject to RSI, which is modeled as a fading
channel; and (iii) the signals coming from the secondary source and relay are handled
at the secondary destination via MRC, in the HD relaying mode, and via a JD
technique, in the FD relaying mode. We derive an exact analytical expression
for the outage probability of the proposed scheme. Then, an approximate closed-
form expression is proposed, and a corresponding asymptotic expression is derived.
Through some representative examples, Monte Carlo simulations are run to validate
the accuracy of the presented mathematical analysis and to showcase the tightness
of the proposed approximation.
• Chapter 6. This chapter summarizes our main conclusions and points out some
open research directions for future works.
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Chapter 2
Incremental Relaying and Multiuser
Diversity
2.1 Introduction
Several papers have investigated the performance of conventional relaying networks
without spectrum sharing in a multiuser scenario1 (see, e.g., [58, 59] and the references
therein). In [58], a cooperative relaying scheme to select the best available destination
for communicating with the source under the aid of a half-duplex AF relay was pro-
posed. However, because in [58] the direct links were not considered and due to the
half-duplex nature of the relay, the resulting diversity order and spectral efficiency were
not satisfactory. In order to alleviate these limitations, the authors in [59] considered the
opportunistic use of the direct links in an incremental DF relaying2 scheme with multiple
destinations. Essentially, in that work, if the selected direct link is sufficiently good, then
the relaying transmission is not employed, which improves the overall spectral efficiency.
On the other hand, few works have investigated the impact of MUD on the perfor-
mance of CRNs with underlay spectrum sharing [60–62]. For example, in [60], the outage
performance of a dual-hop CRN composed of one secondary source, one secondary DF re-
lay, and multiple secondary destinations was studied over Nakagami-m fading, in which an
opportunistic scheduling algorithm was used to select one among all available secondary
destinations. In [61], under both DF and AF relaying protocols, the outage behavior
of a multiuser and multirelay CRN was examined over Rayleigh fading. Therein, after
performing a relay-destination selection process, a selection combining (SC) technique on
the signals coming from the direct-link and relaying-link transmissions is used at the sec-
ondary destination. Very recently, in [62], the effect of the primary user interference on
1As well known, MUD is an inherent property of multiuser networks, which can be exploited by
opportunistically selecting the user with the best channel conditions.
2Incremental (AF/DF) relaying protocols improves their spectral efficiency over the fixed relaying
counterparts, by employing a limited feedback from the destination and by invoking the relaying process
only when necessary, thus saving channel resources [18].
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the outage performance of a dual-hop CRN with a DF relay for Nakagami-m fading was
analyzed, in which a signal-to-interference-plus-noise ratio (SINR)-scheduling algorithm
was employed to select one out of multiple secondary destinations. Nevertheless, since the
presence of the direct link in the secondary network is neglected in the schemes in [60, 62],
and owing to the fact that a two-phase transmission is required by the scheme in [61],
the overall spectral efficiency was shown to be halved when compared to that attained
by DT.
Motivated by these considerations, herein we extend the analysis of spectrally efficient
schemes to a CRN context. More specifically, employing two spectrally-efficient incre-
mental DF relaying schemes for the spatial-diversity exploitation of the direct links, we
examine the outage performance of multiuser CRNs under spectrum-sharing constraints.
In our analysis, we consider a secondary network composed of one source node communi-
cating with the best one out of L available destinations, selected according to the channel
quality of the direct links. If the transmission through the selected direct link drops below
a given threshold, a half-duplex DF relaying transmission is then invoked. For this pur-
pose, two schemes are considered. In the first scheme, the previously selected secondary
destination employs MRC to merge the received signals from the secondary source and
relay. In the second, a new secondary destination is selected so as to maximize the SNR
at the MRC output. In both schemes, assuming an underlay spectrum-sharing mecha-
nism, the overall transmit power at the secondary network is considered to be limited by
the maximum tolerable interference at the primary receiver, as well as by the maximum
transmit power available at the secondary nodes.
The remainder of this chapter is organized as follows. In Section 2.2, the system model
as well as the proposed schemes are detailed. Section 2.3 derives exact analytical expres-
sions for the outage probability of the considered schemes. Based on these expressions, an
asymptotic analysis at high SNR is carried out, and the diversity order of both schemes
is obtained. In Section 2.4, the mean spectral efficiency of the considered schemes is de-
rived. Section 2.5 shows some representative numerical results and discussions. Finally,
Section 2.6 concludes the chapter.
2.2 System Model
Consider an underlay CRN consisting of one secondary source S, one secondary DF
relay R, and L secondary destinations Dℓ (ℓ = 1, . . . , L), operating in the presence of
a primary receiver P , as illustrated in Figs. 2.1a and 2.1b. All nodes are assumed to
be single-antenna devices operating in a HD mode and on a time-division multiple access
(TDMA) basis. The solid lines denote the desired-signal links, and the dashed lines denote
the interference links. We consider that the direct links between S andDℓ are available and
can be used to convey information. Let (i) hX , hYℓ , and hZℓ respectively denote the channel


































Fig. 2.1: System model and proposed schemes (desired-signal links: solid lines; interfer-
ence links: dashed lines). (a) Incremental DF relaying with MUD (MU-IDF) scheme; (b)
improved incremental DF relaying with MUD (MU-IIDF) scheme.
coefficients of the desired-signal links from S to R (first hop), from R to Dℓ (second hops),
and from S to Dℓ (direct links), at the secondary network; and (ii) hU and hV respectively
denote the channel coefficients of the interference links from S to P and from R to P .
All of these links are assumed to undergo independent and arbitrarily distributed (i.a.d.)
Rayleigh block fading3, except for that of the first hop, which is assumed to undergo
Rician fading4. Accordingly, the channel power gains gA= |hA|2, A ∈ {Yℓ, Zℓ, U, V }, follow
exponential distributions with mean value (i.e., average channel power) ΩA =E [|hA|2],
where E [·] denotes expectation. Moreover, the channel power gain gX = |hX |2 follows
a noncentral chi-square distribution, the probability density function (PDF) of which is
3Herein, all channel coefficients are assumed to remain constant during one time frame, which may
contain one or two time slots, depending on whether the DT is successful or not. However, the channel
coefficients may vary independently from one time frame to another.
4The Rician fading is considered to allow for a possible line-of-sight (LOS) condition between source
and relay.
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where I0(·) is the zero-order modified Bessel function of the first kind [64, Eq. (8.447.1)],
K is the Rician factor, and ΩX =E [|hX |2] is the average channel power. In addition, it is
assumed that the received signals at each node are perturbed by additive white Gaussian
noise (AWGN) with mean power N0. Moreover, by considering an underlay spectrum-
sharing scenario, let I be the maximum tolerable interference power (a.k.a. interference
temperature) caused by S and R at P , and Pt be the maximum transmit power at S





















Pt if gV ≤ I/Pt
I/gV otherwise.
(2.3)
Based on all this, the instantaneous received SNRs of the first hop, ℓth second hop,
and ℓth direct link can be respectively expressed as X = gXPS/N0, Yℓ= gYℓPR/N0, and
Zℓ= gZℓPS/N0, where PS and PR are respectively given by (2.2) and (2.3). Alternatively,
by defining γ̄P ,Pt/N0 as the maximum transmit system SNR and γ̄I , I/N0 as the
maximum tolerable interference-to-noise ratio at the primary receiver, it follows that X ,






















Note from the definitions of X , Yℓ, and Zℓ that the impact of gU and gV on these SNRs




















γ̄P if gV ≤ γ̄I/γ̄P
γ̄I/gV otherwise,
(2.6)
where, by definition, γ̄I/γ̄P = I/Pt.
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Herein, we make use of the spectrally efficient schemes for spatial diversity exploitation
proposed in [59], namely, the incremental DF relaying with MUD (MU-IDF) and the
improved incremental DF relaying with MUD (MU-IIDF). Both schemes are detailed next.
2.2.1 MU-IDF Scheme
Fig. 2.1a illustrates the operation of the MU-IDF scheme. In this scheme, a MUD-
based opportunistic scheduling is first carried out5. According to this, the secondary
destination Dℓ∗ with the best direct link is selected among the L destinations available,
i.e., ℓ∗ = argmax
ℓ
{Zℓ}. Afterwards, the data transmission between S and Dℓ∗ is carried
out in one or two time slots, depending on the value of Zℓ∗. More specifically, during
the first time slot, S broadcasts information to both R and Dℓ∗ with transmit power PS.
For a given SNR threshold τ , 2R − 1, where R is the target spectral efficiency given in
bits/s/Hz, if Dℓ∗ is able to correctly decode the received information, i.e., if Zℓ∗ ≥ τ or,
equivalently, if log2 (1 + Zℓ∗) ≥ R, then it will broadcast a “success” message back to S
and R. As a result, S will send new information during the next time slot, thus yielding
an improved spectral efficiency. Otherwise, Dℓ∗ will broadcast a “failure” message back to
S and R, and during the second time slot R will try to decode the previous information
and retransmit it to Dℓ∗ with transmit power PR. At the end of this communication
process, a MRC operation is performed at Dℓ∗ to combine the received signals from S






log2 (1 + Zℓ∗) if Zℓ∗ ≥ τ
1
2
log2 (1 + min {X, Yℓ∗ + Zℓ∗}) otherwise.
(2.7)
Note that, in the second condition, the pre-log factor of 1/2 appears because the same
information is transmitted through two time slots. By contrast, in the first condition,
new information is transmitted in each time slot.
5Please refer to Section 2.2.3 for more details.
6The constrained capacity refers to the capacity supported by a scheme under some restriction (e.g.,
an alphabet assumption, coding scheme, or system and channel characteristics). Although the capacity
for the general relay channel is a long-standing open problem, it is possible to show that the capacity for
the MU-IDF scheme constrained to the use of repetition coding and full decoding of the source message at
the relay is given as in (2.7). Note from the second condition (i.e., when relaying transmission is invoked)
that the constrained capacity depends on the minimum between the received SNR at the relay and that
obtained by MRC at the destination after repetition coding from the source and relay, as the maximum
information rate of the relaying transmission can be limited by the channel condition of either of the
hops. Hereafter, for simplicity, we refer to the constrained instantaneous capacity of the investigated
schemes as instantaneous capacity.
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2.2.2 MU-IIDF Scheme
Fig. 2.1b illustrates the operation of the MU-IIDF scheme. As in the MU-IDF scheme,
the secondary destination Dℓ∗ with the best direct link is first selected. Afterwards, during
the first time slot, S broadcasts information with transmit power PS, while R, Dℓ∗ , as
well as all other destinations Dℓ (∀ℓ 6= ℓ∗) listen to the transmission7. Again, as in the
MU-IDF scheme, for a given threshold τ , 2R − 1, depending on whether Dℓ∗ is able
or not to correctly decode the received information, it will broadcast a either “success”
or “failure” message back to S and R. In the case of a “success” message, S will send
new information during the next time slot. Otherwise, the relaying transmission will be
invoked. However, the previously selected destination Dℓ∗ may not be the best choice
for this transmission, since it was selected to optimize the direct link alone. Based on
this, and differently from the MU-IDF scheme, a new secondary destination Dℓ′ (possibly
distinct from Dℓ∗) is selected at this stage to maximize the SNR of the MRC operation on
the signals from S and R, i.e., ℓ′ = argmax
ℓ
{Yℓ + Zℓ}. Subsequently, during the second
time slot, R will try to decode the foregoing information from S and retransmit it to
Dℓ′ with transmit power PR. Finally, the MRC operation is executed at Dℓ′ to combine
the received signals from S and R. Hence, the instantaneous capacity for the MU-IIDF





log2 (1 + Zℓ∗) if Zℓ∗ ≥ τ
1
2
log2 (1 + min {X, Yℓ′ + Zℓ′}) otherwise.
(2.8)
It is worth mentioning that the MU-IIDF scheme has the drawback that the secondary
source is not allowed to have distinct messages to the distinct secondary destinations, but
the same message to any one of them (to the best one, indeed). On the other hand, it
differs from a broadcasting scheme, in the sense that the message is not expected to achieve
all of the secondary destinations, but only the most reliable one. One potential application
of this scheme could be found in multi-hop relaying in cognitive wireless sensor networks
(CWSN), where in some hops the best relay is selected among L secondary relays [65–67].
Let us consider, for instance, a spectrum-sharing CWSN as illustrated in Fig. 2.2. Such
a network consists of a secondary source S that intends to deliver the sensed information
to the secondary data sink Df through a multi-hop path. Assume that the links between
S and Df and between a secondary relay R and Df are both unavailable, yet S and
R are able to communicate with Df through a set of L secondary intermediate nodes
Dℓ (∀ℓ). Accordingly, two stages are required to accomplish the transmission between S
and Df . In the first stage, S communicates with one out of the L intermediate nodes
7It is noteworthy that, for the MU-IIDF scheme, it is required that all the secondary destinations
listen to the information from S in the first time slot, whereas for the MU-IDF scheme only the selected
secondary destination Dℓ∗ listens to that information.

















Fig. 2.2: CWSN application example, in which the secondary nodes are coverage-limited
and the MU-IIDF scheme is used to deliver the sensed information (desired-signal links:
solid lines; interference links: dashed lines).
Dℓ under the assistance of R. At this stage, the MU-IIDF scheme can be used to ensure
that the selected intermediate node is the most reliable one, regardless of the transmission
being accomplished in one or two time slots (Dℓ∗ or Dℓ′ , respectively). Afterwards, in the
second stage, the selected intermediate node forwards the received message toDf , possibly
via new sets of secondary relays and intermediate nodes. Note that a single underlying
message exists: the one from S to Df , which is only required to be understood by the
most reliable intermediate node—the one that forwards the message to Df . Therefore,
there is no need for the existence of different messages from S to each of the intermediate
nodes Dℓ.
2.2.3 MUD-Based Opportunistic Scheduling
The MUD-based opportunistic scheduling can be performed at each secondary desti-
nation. One possible approach is to use the method of distributed timers, similarly to that
introduced in [68] for opportunistic relaying. In this case, each secondary destination Dℓ
(∀ℓ) estimates its own instantaneous CSI from S. This can be accomplished by listening
to pilot signals transmitted from S. To this end, S broadcasts a destination synchro-
nization message, which contains the synchronization information and the pilot signal.
We assume that the secondary destinations are perfectly synchronized in time to both S
and R. This is a common assumption in TDMA-based networks [58, 69]. Upon receiving
the synchronization message, each secondary destination Dℓ ignites a countdown timer,
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whose initial value Tℓ can be set according to a decreasing function of the corresponding
direct-link CSI, as8 Tℓ = κ/ |hZℓ|
2, where κ is a constant given in units of time. Note
that Tℓ is inversely proportional to |hZℓ|
2, so that the timer Tℓ∗ of the best secondary
destination (i.e., Dℓ∗) expires first. Then, a flag packet is sent to the rest of the network,
informing that Dℓ∗ was selected to participate in the communication process.
In the MU-IIDF scheme, a MUD-based opportunistic scheduling will be invoked again
to select Dℓ′ so as to maximize the SNR of the MRC operation on the signals from S and
R. To address this, upon receiving the “failure” message, R transmits a pilot signal to the
secondary destinations in order to ignite the countdown timers, whose initial values can
now be set according to a decreasing function of the MRC output on the channel gains
from S and R, as Tℓ = κ/(|hYℓ|
2 + |hZℓ|
2). In this case, the timer of Dℓ′ expires first, and
a flag packet is sent to the rest of the network, notifying that Dℓ′ was selected as the new
optimal destination to participate in the communication process.
2.3 Outage Probability
In this section, exact analytical expressions for the outage probability of the MU-IDF
and MU-IIDF schemes are derived in the proposed context of an underlay spectrum-
sharing network. Moreover, based on these expressions, an asymptotic analysis at high
SNR is carried out. These analyses are original contributions of this work.
2.3.1 MU-IDF Scheme
Exact Analysis
In the considered schemes, if the instantaneous received SNR of the direct link at
the selected secondary destination is less than a given threshold τ , it will be required
assistance from the secondary relay to send a replica of the secondary source message.
But again, even with the aid of the relay, there is still a probability that the overall SNR
at the secondary destination is less than τ . Therefore, an outage event occurs when both
the direct and relaying transmissions fail. The outage probability of the MU-IDF scheme
for a certain threshold τ can be computed as in the following theorem.
Theorem 2.1. The exact outage probability for the MU-IDF scheme in CRNs with






[A1(τ | gU =u) +A2(τ | gU = u, gV = v)]fgU (u)fgV (v) dudv, (2.9)
8Other monotonically decreasing functions would also work.
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where
A1 (τ | gU =u) = Pr [Zℓ∗ < τ,X < τ | gU = u] ,
A2 (τ | gU = u, gV = v) = Pr [Zℓ∗ < τ,X > τ, Yℓ∗ + Zℓ∗ < τ | gU =u, gV = v] ,
with Pr [·] denoting probability.
Proof. Consider the following two outage events:
1. If Zℓ∗ < τ and X < τ , an outage occurs, since neither the destination nor the relay
can correctly decode the source information in the first time slot. Hence, when
the destination asks the relay for assistance, the relay cannot help, because it also
cannot decode the source information. The term A1(τ | gU =u) corresponds to the
probability of this outage event.
2. When Zℓ∗ < τ , while X > τ , an outage occurs if Yℓ∗ + Zℓ∗ < τ . In this case,
the relay can assist the destination by forwarding the source information. How-
ever, the MRC on the received SNRs from source and relay is less than τ , which
hampers the destination from correctly decoding the source information. The term
A2(τ | gU = u, gV = v) corresponds to the probability of this outage event.
After obtaining the conditional outage probabilities A1(τ | gU =u) and A2(τ | gU =
u, gV = v), the total outage probability P
IDF
out is obtained by averaging A1(τ | gU = u) +
A2(τ | gU = u, gV = v) over the distributions of gU and gV , as in (2.9). 
The integral-form expression for P IDFout in Theorem 2.1 can be computed as in the
following proposition.
Proposition 2.1. The exact outage probability for the MU-IDF scheme in CRNs with































































































































































































with Q (·, ·) denoting the first-order Marcum Q-function [63, Eq. (4.34)]. In addition, the
terms AP3 (τ), AI3 (τ | gV = v), AI3 (τ | gU =u), and AI3 (τ | gU =u, gV = v) in (2.11)–(2.14)
are all given by



































































with γ̄Zℓ ,E [Zℓ | gU = u] and γ̄Yℓ ,E [Yℓ | gV = v] being respectively replaced by γ̄PΩZℓ
and γ̄PΩYℓ for AP3 (τ), γ̄PΩZℓ and γ̄IΩYℓ/v for AI3 (τ | gV = v); γ̄IΩZℓ/u and γ̄PΩYℓ for
AI3 (τ | gU = u), and γ̄IΩZℓ/u and γ̄IΩYℓ/v for AI3 (τ | gU = u, gV = v). Further, A4(τ)




































































Proof. The proof is provided in Appendix B. 
It is noteworthy that the single-fold integrals in (2.13) and (2.14), as well as the two-
fold integral in (2.14), can be efficiently evaluated by numerical methods found in standard
computing softwares, such as Matlab and Mathematica. In addition, for the special case
in which the first hop of the relaying link undergoes Rayleigh fading, i.e., K = 0, a closed-
form expression for the outage probability of the MU-IDF scheme can be attained, as
shown in Appendix C.
Asymptotic Analysis
To gain a better understanding of the outage performance of the MU-IDF scheme,
as well as of its achievable diversity order, an asymptotic closed-form expression for the
outage probability in the high-SNR regime is presented in the following theorem.
Theorem 2.2. The asymptotic outage probability for the MU-IDF scheme in CRNs with
underlay spectrum sharing, in which the maximum transmit power at the secondary nodes






where P̃ IDFout,i, i = 1, . . . , 4, are respectively given by



























































































































































































Proof. The proof is provided in Appendix D. 
Remark 2.1. From the above expressions, and provided that γ̄P is proportional to γ̄I,
it can be seen that P IDFout ∝ (1/γ̄P )L+1 at high SNR. Hence, according to the definition of






we conclude that the system attains a full diversity order equal to L+1, with L being the




The outage probability of the MU-IIDF scheme for a certain threshold τ can be com-
puted as in the following theorem.
Theorem 2.3. The exact outage probability for the MU-IIDF scheme in CRNs with




P IIDFout,i , (2.23)
where P IIDFout,i , i = 1, . . . , 4, are respectively written as P
IDF
out,i given in (2.11)–(2.14), but
replacing A3(τ | gU =u, gV = v) by

















Proof. The proof follows a rationale similar to that of Theorem 2.1 and Proposition 2.1,
as shown in Appendix E. 
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Asymptotic Analysis
A asymptotic closed-form expression for the outage probability of the MU-IIDF scheme
in the high-SNR regime is presented in the following theorem.
Theorem 2.4. The asymptotic outage probability for the MU-IIDF scheme in CRNs
with underlay spectrum sharing, in which the maximum transmit power at the secondary





P̃ IIDFout,i , (2.25)











































































































































































Proof. The proof is similar to that of Theorem 2.2. 
Remark 2.2. Note from the above expressions that, for L ≥ 2, the asymptotic outage
performance is determined by the first term of the sums in P̃ IIDFout,i , i = 1, . . . , 4, as the sec-
ond terms become negligible with respect to 1/γ̄P . In either case, it can be seen that, as in
the MU-IDF scheme, P IIDFout ∝ (1/γ̄P )L+1, that is, the system achieves a full diversity order
equal to L+1. In addition, the diversity order is again not affected by the interference
power constraint.
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2.4 Mean Spectral Efficiency
An important advantage of the incremental relaying protocols—as is the case of the
MU-IDF and MU-IIDF schemes analyzed in this work—is their improved spectral effi-
ciency, when compared to transmission protocols with continuous use of the relaying links,
referred to as fixed relaying protocols [18]. More specifically, incremental relaying proto-
cols operate at a certain spectral efficiency R when the direct-link transmission succeeds,
and at spectral efficiency R/2 when the relay is invoked to retransmit the source message.
Accordingly, the mean spectral efficiency is expected to approach R/2 at low SNR (as the
relaying transmission is frequently invoked) and R at high SNR (as the relaying trans-
mission is rarely invoked). In this section, we derive closed-form expressions for the mean
spectral efficiency of the MU-IDF and MU-IIDF schemes, in the proposed context of a
underlay spectrum-sharing network. As the relaying transmission is invoked under the
same criteria in both schemes, their mean spectral efficiencies R̄ are identical. For a given
target spectral efficiency R, a given threshold τ , 2R−1, and a given value of the channel
power gain gU , the conditional spectral efficiency R̄(τ | gU = u) can be formulated as
R̄(τ | gU = u) = RPr [Zℓ∗ ≥ τ | gU =u] +
R
2
Pr [Zℓ∗ < τ | gU =u]
= R (1− Pr [Zℓ∗ < τ | gU =u]) +
R
2
Pr [Zℓ∗ < τ | gU =u]
= R− R
2




where ξ(τ | gU = u) is given by
ξ(τ | gU =u) =
L∏
ℓ=1




FZℓ|gU (τ | u), (2.31)
with FZℓ|gU (· | u) being the conditional cumulative distribution function (CDF) of Zℓ
given gU =u. By substituting (2.31) into (2.30), it follows from (2.4c) and (2.5) that the
mean spectral efficiency of both MU-IDF and MU-IIDF can be derived in an exact closed
form as




































































































































where fgU (·) is the PDF of gU . In step (a), we have applied the multinomial expansion
identity [71, Eq. (33)]. Now, departing from the second line of (2.32), an asymptotic
expression for the mean spectral efficiency in the high-SNR regime, i.e., as γ̄P → ∞, can
be obtained as
































































Remark 2.3. For γ̄P ∝ γ̄I or, equivalently, Pt∝ I, it can be seen from (2.33) that R̄≃R
as 1/γ̄P go to zero. In other words, at high SNR, the mean spectral efficiency of both
MU-IDF and MU-IIDF approaches that obtained by DT.
2.5 Numerical Results and Discussions
In this section, we assess the outage performance and spectral efficiency of the CRN
under investigation by applying our analytical expressions derived in Sections 2.3 and 2.4
to some representative sample cases9. Monte Carlo simulation results are also provided
in order to corroborate our formulas10. For illustration purposes, we consider a two-
dimensional (2D) plane network with normalized distances, in which the secondary source
and relay are located at (0, 0) and (0.5, 0), respectively, the secondary destinations are
clustered and collocated at (1, 0), and the primary receiver is located at (0.25, 1). As a
9The evaluation of the analytical expressions was performed in the computing software Wolfram
Mathematica. In particular, integral-form expressions were computed by numerical integration using the
built-in command NIntegrate.
10Simulation results were obtained by using standard Matlab routines.


















































































































Fig. 2.3: Outage probability of MU-IDF and MU-IIDF schemes versus transmit system
SNR for different numbers of secondary destinations, with I =Pt and K =5 dB.
result, we have that ΩZℓ =ΩZ and ΩYℓ =ΩY , ∀ℓ. In addition, without loss of generality,
we assume that the average channel power between any two nodes is determined by the
distance between them, that is, ΩA = d
−α
A , A ∈ {X, Yℓ, Zℓ, U, V }, where dA is the distance
between the nodes, and α is the path loss exponent. We set the path loss exponent α to 4
and the target spectral efficiency R to 1 bits/s/Hz.
Fig. 2.3 shows the outage probability of the MU-IDF and MU-IIDF schemes versus
the maximum transmit system SNR, for different numbers of secondary destinations,
namely, L=1, 2, 3. As an example, we assume that I =Pt and K =5 dB. Note the
excellent agreement between our exact analytical expressions and the simulation results.
Also note how the asymptotic expressions provide a tight approximation at moderate-to-
high values of SNR, which validates the presented analysis. As expected, as L increases,
the outage performance of both schemes improves, due to the MUD gain. For L=1,
the two schemes coincide with each other, since only one destination is available. On
the other hand, for L≥ 2, MU-IIDF gives a better performance than MU-IDF, as the
former opportunistically takes full advantage of spatial diversity, optimizing the choice of
destination for both direct and relaying transmissions. It is observed that the two schemes
achieve full diversity order, equal to L+ 1.
Fig. 2.4 shows the impact of the Rician K factor associated to the first hop (link
between the secondary source and relay) on the outage probability of the MU-IDF and
MU-IIDF schemes. For clarity, asymptotic results are omitted in the figure. Note that,
for a given number of destinations, the outage performance of both schemes improves as
K increases, which is indeed expected, since the channel quality improves as well. On the

























































































































L=2, K =−∞ dB
L=2, K =5 dB
L=4, K =−∞ dB
L=4, K =5 dB
Fig. 2.4: Outage probability of MU-IDF and MU-IIDF schemes versus transmit system
SNR for different values of the RicianK factor associated to the first-hop link, with I =Pt.
other hand, note that this improvement is larger for MU-IIDF than for MU-IDF. As an
example, for L=2, note that the MU-IIDF scheme can save up to 3 dB if the channel goes
from a non-line-of-sight (K =−∞ dB, Rayleigh fading) to a line-of-sight condition with
K =5 dB. In contrast, for the same scenario, the MU-IDF scheme can save only about 2
dB. This demonstrates the importance of the first-hop channel quality for the operation
and performance of incremental DF protocols. The better the quality of the first hop, the
greater the benefits of opportunistic scheduling mechanisms such as the MU-IIDF scheme.
Fig. 2.5 shows the outage probability of the MU-IDF and MU-IIDF schemes versus the
distance dX between the secondary source relay. Herein, we consider the same 2D plane
network configuration as for Figs. 2.3 and 2.4, except that the position of the secondary
relay is no longer fixed at (0.5, 0) or, equivalently, dX is no longer fixed at 0.5. Instead, the
position of the secondary relay is ranged over the entire distance between the secondary
source and the clustered secondary destinations, so that 0<dX < 1, and dX + dY =1. In
addition, to keep symmetry with respect to S and R, the primary receiver is located at
(dX/2, 1). We set the maximum transmit system SNR γ̄P to 10 dB and the Rician K
factor to 5 dB. In the figure, we observe that, as L increases, the position of the secondary
relay that minimizes the outage probability (let us call it the optimal relay position) shifts
toward the secondary source. We also observe that this shift is more pronounced for MU-
IIDF than for MU-IDF. Moreover, the optimal relay position for MU-IIDF corresponds
to the largest performance gain of this scheme with respect to the MU-IDF scheme. This
is explained by the fact that, when R is located closer to S, the channel quality of the










































































































































Fig. 2.5: Outage probability of MU-IDF and MU-IIDF schemes versus distance between
source and relay for different numbers of secondary destinations, with γ̄P =10 dB and
K =5 dB.
second hop deteriorates, thus becoming the bottleneck of the relaying link. Therefore,
as the MU-IIDF opportunistic scheduling mechanism can optimally exploit the spatial
diversity in the second time slot, by selecting a new secondary destination that maximizes
the MRC output on the signals coming from the direct link and the second hop, the overall
performance can significantly improve. In addition, as L increases, the spatial diversity
of the system is enhanced, increasing further the performance improvement due to the
opportunistic scheduling mechanism of the MU-IIDF scheme. On the other hand, when
R is located closer to Dℓ, the channel quality of the first hop deteriorates, hindering the
benefits of opportunistic relaying and rendering both schemes the same performance.
Fig. 2.6 shows the impact of the interference power constraint I on the outage prob-
ability. As an example, we set the number of secondary destinations L to 2 and the
Rician K factor to 5 dB. Owing to the interference power constraint, a floor is observed
in the outage probability curves after the maximum allowed value of transmit SNR is
achieved. Once again, as expected, MU-IIDF outperforms MU-IDF. Note that, as I in-
creases, higher values of transmit system SNR are allowed, so that the outage performance
improves, approaching the no-constraint case.
Finally, Fig. 2.7 shows the (identical) mean spectral efficiencies R̄ of the two schemes
versus the maximum transmit system SNR for different numbers of secondary destinations,
namely, L=1, 2, 3. Again, as an example, we set I =Pt and K =5 dB. Note that in
the high-SNR regime the mean spectral efficiency of both schemes approximates that
attained by DT, i.e., R̄ ≃ R, as stated in (2.33). This is because at high SNR the direct














































































Fig. 2.6: Impact of the interference power constraint on the outage probability of MU-IDF
and MU-IIDF schemes, with L=2 and K =5 dB.
link is under satisfactory conditions most of the time, avoiding the need for invoking the
relaying transmission. On the other hand, in the low-to-medium-SNR regime, note that
the spectral efficiency increases as the number of secondary destinations also increases.
This is because it becomes more probable that at least one of the available destinations
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Fig. 2.7: Mean spectral efficiency of both MU-IDF and MU-IIDF schemes versus transmit
system SNR for different numbers of secondary destinations, with I =Pt and K =5 dB.
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2.6 Conclusions
This chapter studied the impact of the interference power constraint at a primary
receiver on the outage performance of a multiuser underlay CRN. By considering two
spectrally efficient relaying schemes, exact analytical expressions for the outage proba-
bility were obtained and validated by Monte Carlo simulations. In addition, closed-form
expressions derived from the asymptotic outage analysis at high SNR reveal that the
considered schemes achieve full diversity order, equal to L + 1, as long as the maxi-
mum transmit power at the secondary nodes is varied proportionally to the interference
power constraint at the primary receiver. Importantly, in this case, it was found that
the diversity order is not affected by the interference power constraint. However, if those
quantities are varied independently of each other, the outage performance is observed to
“saturate”, once the interference power constraint at the primary receiver becomes the
dominant factor to determine the transmit power at the secondary nodes. Finally, in the
high-SNR regime, the mean spectral efficiency of both schemes was shown to approximate
that attained by DT.
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Chapter 3
Incremental Relaying under Outdated
Channel Estimates
3.1 Introduction
Among the vast range of cooperative schemes proposed in the literature, incremen-
tal relaying is particularly attractive since it renders a more efficient use of the channel
resources, while being able to achieve full diversity order [18, 59, 72]. In contrast to co-
operative schemes based on fixed relaying, in which the relay node continuously forwards
the signal from source to destination irrespective of the channel conditions, incremental
relaying invokes the relaying transmission only if the direct-link transmission alone fails,
thereby improving the overall spectral efficiency. By exploiting the concept of multiuser
diversity, the authors in [59] considered the opportunistic use of the direct links in an
incremental DF relaying scheme, in which the best user (destination) is selected for trans-
mission. In that work, the opportunistic scheduling mechanism was designed under the
assumption of perfect CSI. In practice, however, this assumption is hardly true. Taking
into account the time-varying nature of the wireless channel, the channel estimates at the
scheduling moment, which drive the user selection rule, may differ considerably from the
channel conditions actually experienced during data transmission. The result, of course,
is a worsened system performance. Several papers have addressed the impact of outdated
CSI on various cooperative node-selection schemes (see, e.g., [49–51] and the references
therein), but these are none on destination (multiuser) selection schemes under incremen-
tal relaying, as far as we know. Herein, we aim to partially fill this gap by investigating the
impact of outdated CSI on the outage performance of multiuser incremental DF relaying
networks1. In particular, we consider the MU-IDF scheme proposed in [59], revisited in
the following section, the outage probability of which has been analyzed in Chapter 2, in
the context of underlay spectrum-sharing networks.
1In this chapter, we focus on the performance analysis of a conventional relaying network, that is, in
the absence of spectrum sharing.









X̃,X Ỹℓ∗ , Yℓ∗
Z̃ℓ∗ , Zℓ∗
Fig. 3.1: System model.
The remainder of this chapter is organized as follows. Section 3.2 describes the system
model and the scheme under investigation. Sections 3.3 and 3.4 derive exact and asymp-
totic closed-form expressions for the outage probability of the considered scheme under
outdated channel estimates, respectively. Section 3.5 provides some illustrative numerical
results and discussions. Finally, Section 3.6 offers some concluding remarks.
3.2 System Model
Consider a cooperative relaying network as illustrated in Fig. 3.1, which consists of one
source S, one DF relay R, and L destinations Dℓ (ℓ=1, . . . , L). All nodes are assumed to
be single-antenna devices operating in a half-duplex mode and on a TDMA basis. Let Pt
be the transmit power at S and R2 and assume that all nodes are subjected to AWGN
with mean power N0. Also assume that the direct links are available for transmission
and undergo independent and identically distributed (i.i.d.) Rayleigh fading. The same
holds true for the second hops (between R and Dℓ, ∀ℓ), whereas the first hop (between S
and R) undergoes Rician fading, accounting for a possible and desirable LOS condition
between S and R. All in all, the instantaneous received SNR of the first hop, ℓth second
hop, and ℓth direct link can be respectively written as X =Pt|hX |2/N0, Yℓ=Pt|hYℓ|2/N0,
and Zℓ = Pt|hZℓ|2/N0, where hX , hYℓ , and hZℓ are the instantaneous complex channel
coefficients associated to these links, so that hX obeys a non-central complex Gaussian
distribution, whereas hYℓ and hZℓ obey central complex Gaussian distributions.
In this chapter, we address the spectrally-efficient scheme MU-IDF relaying scheme
proposed in [59]. In that scheme, the destination Dℓ∗ with the best channel quality of
the direct link is first selected among the L available destinations. Afterwards, the data
transmission between S and Dℓ∗ is carried out in one or two time slots, depending on
the channel quality of the selected direct link. In practice, an important concern is that
the data transmission between S and Dℓ∗ may not be performed immediately after Dℓ∗
2Indeed, the analytical results obtained herein can be readily extended to the general case (i.e., by
considering arbitrary values for the transmit powers at S and R, say PS and PR), as will be specified in
Section 3.3.
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is selected3. As a result, because of the time-varying nature of mobile communication
links, the CSI employed at the selection instant may differ considerably from the channel
condition truly experienced at the transmission instant.
In contrast to the work in [59], in which perfect CSI is assumed, herein we consider
that outdated CSI is used to support the selection process of the best destination. Let
us denote Z̃ℓ as the received SNR of the ℓth direct link available at the selection instant.
In other words, Z̃ℓ is an outdated version of Zℓ. Accordingly, the index ℓ
∗ of the selected
destination Dℓ∗ can be written as ℓ
∗=argmax
ℓ
{Z̃ℓ}, where Z̃ℓ = Pt|h̃Zℓ|2/N0, with h̃Zℓ
being an outdated version of hZℓ . During the first time slot, S broadcasts information to
both R and Dℓ∗ with transmit power Pt. For a certain threshold τ , 2
R − 1, where R is
the target spectral efficiency, if Dℓ∗ is able to correctly decode the received information,
i.e., if Zℓ∗ ≥ τ , then it will broadcast a “success” message back to S and R4. In this case,
S will be able to send new information during the next time slot. Otherwise, Dℓ∗ will
broadcast a “failure” message back to S and R, and during the second time slot R will
try to decode the previous information and retransmit it to Dℓ∗ with transmit power Pt.
At the end of this communication process, Dℓ∗ employs a MRC operation to combine the
received signals from S and R.
The channel coefficient hZℓ at the data-transmission instant and its outdated version
h̃Zℓ at the destination-selection instant are supposed to be different instances of a sin-
gle stationary complex Gaussian fading process, separated in time by a certain delay,
say Td. Hence, according to the Jakes’ scattering model [63, Table 2.1] for an isotropic
propagation scenario, hZℓ and h̃Zℓ follow a joint complex Gaussian distribution with cor-
relation coefficient ρℓ = J0(2πfd,ℓTd), where J0 (·) is the zero-order Bessel function of the
first kind [64, Eq. (8.411)] and fd,ℓ is the maximum Doppler frequency shift at the ℓth
direct link. For tractability purposes, we assume that the correlation coefficient ρℓ is
identical for all the links, i.e., ρℓ = ρ, ∀ℓ. It is shown in [49, 73, 74] that hZℓ and h̃Zℓ can
be related as h̃Zℓ = ρhZℓ +
√
1− ρ2ǫℓ, where hZℓ and the auxiliary term ǫℓ are i.i.d. ran-
dom variables (RVs)5. Correspondingly, it follows that the true received SNR Zℓ and its
outdated estimate Z̃ℓ are correlated exponential RVs, the joint PDF of which is given
















where γ̄Z =E[Zℓ] =E[Z̃ℓ], ∀ℓ.
3For instance, one may consider that after the selection process is accomplished, the index of the
selected destination Dℓ∗ must be fed back to S before the data transmission, via a delayed feedback link.
4Note that we have used here the instantaneous received SNR Zℓ∗ at the data-transmission instant,
rather than its outdated version Z̃ℓ∗ employed at the selection instant.
5This relationship has been used as a simulation framework in our numerical examples.
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3.3 Exact Outage Probability
In this section, an exact closed-form expression for the outage probability of the MU-
IDF scheme are presented in the proposed context of outdated CSI. To this end, we
formulate the following theorem.
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)]}
, (3.2)
where we have used that γ̄X =E[X ] = γ̄PΩX , γ̄Y =E[Yℓ] = γ̄PΩY , and γ̄Z =E[Zℓ] = γ̄PΩZ ,
∀ℓ, with γ̄P ,Pt/N0 being defined as the transmit system SNR, and ΩA =E[|hA|2],
A∈{X, Y, Z}, being the average channel power of the first-hop, second-hop, and direct
links, respectively6.
Proof. The proof is provided in Appendix F 
3.4 Asymptotic Outage Probability
With the aim of providing a better insight into the outage performance of the MU-IDF
scheme under outdated CSI, as well as into its achievable diversity order, an asymptotic
analysis of the outage probability at high SNR is developed in the following theorem.
Theorem 3.2. The asymptotic outage probability for the MU-IDF scheme under out-
dated CSI is given by






















6We have shown in [55] that our analytical results can be used to provide the general-case solution, in
which the transmit powers at S and R, say PS and PR, may be different from each other. This extension
is obtained by using (i) Pt =PS into γ̄P , if γ̄P appears multiplied by ΩX or ΩZ ; and by using (ii) Pt =PR
into γ̄P , if γ̄P appears multiplied by ΩY .
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Proof. By using the Maclaurin series expansion of the exponential function [64, Eq. (0.318.2)]
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e−Kλ when λ → 0. Using this into the general
framework developed in the previous section, and after some algebraic manipulations, an
asymptotic closed-form expression for the outage probability is obtained as in (3.3). 
Remark 3.1. From (3.3), it can be observed that Pout ∝ (1/γ̄P )2 at high SNR. Hence,
according to the definition in (2.22), we conclude that the diversity order of the MU-IDF
scheme reduces to 2 for any severity of outdated CSI (0 ≤ ρ < 1), irrespective of the
number L of destinations—this is in agreement with the general known result that the
diversity order of multi-terminal selection schemes reduces to 1 under outdated CSI [49–
51]. In contrast, it is known that the diversity order of this scheme is given by L+ 1 for
perfect CSI (ρ = 1) [59]. This is a considerable performance degradation, especially taking
into account that it appears under any slight deviation from the ideal case.
3.5 Numerical Results and Discussions
In this section, we numerically evaluate our exact and asymptotic expressions derived
in Sections 3.3 and 3.4 for the outage probability of the MU-IDF scheme under outdated
CSI, through some illustrative examples, and as a check we contrast them to Monte
Carlo simulations. Similar as in Chapter 2, for illustration purposes, we assume that the
average channel power between any two nodes is determined by the corresponding distance
between them, i.e., ΩA = d
−α
A , A ∈ {X, Yℓ, Zℓ, U, V }, where dA is the distance between the
nodes, and α is the path loss exponent. We set α=4 and R=1 bit/s/Hz. We consider
a linear-topology network, in which the destinations are supposed to be clustered and
collocated, so that their distance from the source is normalized to unity, i.e., dZℓ =1, ∀ℓ,
whereas the relay is located midway between the source and the collocated destinations,
i.e., dX = dYℓ =0.5. As a consequence, we have that ΩZℓ =ΩZ and ΩYℓ =ΩY , ∀ℓ.
Fig. 3.2 shows the impact of the correlation coefficient ρ (between the true CSI and
its outdated version) on the outage probability of the MU-IDF scheme. As an example,
we set L=3 and K =5 dB. Note the excellent agreement between our exact analytical
expression and the simulation results, and how our asymptotic expression yields a tight
approximation at the medium-to-high SNR range, which validates the presented analy-
sis. We observe that, as ρ increases, the outage performance improves, approaching the
perfect-CSI case (ρ=1). On the other hand, the results for 0≤ ρ≤ 0.99 corroborate our
previous statement that even a minor deviation of ρ from unity drastically diminishes the
benefits of MUD.
Fig. 3.3 shows the outage probability of the MU-IDF scheme for different numbers of
destinations, namely, L=1, 2, 4, and 8. As an example, we set ρ=0.9 and K =5 dB.
























































































Perfect CSI (ρ=1) [59]
ρ = 0, 0.7, 0.9, 0.99, 1
Fig. 3.2: Outage probability of MU-IDF scheme versus transmit system SNR for different
severities of outdated CSI, with L=3 and K =5 dB. The outage probability for the
perfect-CSI case (ρ=1) [59, Eq.(4)] is also shown.
As expected, as L increases, the outage performance improves, due to the MUD gain.
However, it is observed that the diversity order always equals 2, regardless of the number


























































































L = 1, 2, 4, 8
Fig. 3.3: Outage probability of MU-IDF scheme versus transmit system SNR for different
numbers of destinations, with ρ=0.9 and K =5 dB.
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3.6 Conclusions
This chapter examined the impact of outdated CSI on the outage performance of a
multiuser incremental DF-based relaying network. An exact closed-form expression for
the outage probability was derived and validated by Monte Carlo simulations. In addition,
an asymptotic analysis revealed that the diversity order of the system reduces from L+1
(perfect CSI) to 2, for any severity of outdated CSI and irrespective of the number of




In the context of CRNs with underlay spectrum sharing, several scenarios have been
investigated to show the advantages and limitations of cooperative relaying techniques, as
well as the impact of the primary users on the performance of the secondary network, by
considering either HD or FD relaying. Certainly, most of the works in the related literature
have been devoted to the performance analysis of HD-based CRNs, with the outage prob-
ability as one of its foremost performance metrics [37–40, 54, 60, 75, 76]. Those studies
address a wide range of sophisticated scenarios in addition to the classical single-antenna
triple-node cognitive relaying network setup [39, 40], which also leverage the benefits of
other diversity techniques, including relay selection [37, 38], multiuser (destination) di-
versity [54, 60], multiantenna techniques (e.g., transmit beamforming/antenna selection
and maximal-ratio/selection combining) [75, 76], among others. On the other hand, very
few works have focused on FD-based CRNs [46–48]. Among them, in [46], the outage
performance of a FD-DF relaying system under spectrum-sharing constraints has been
investigated. Therein, an equal power allocation (EPA) scheme between the secondary
source and relay was considered, which is limited by the interference power constraint
at the primary user. In addition, two main sources of interference at the secondary net-
work were considered: the residual self-interference (RSI) at the secondary relay, which
is inherent to the FD operation mode, and the interference from the secondary source at
the secondary destination through the direct-link transmission, which is concurrent with
the relaying transmission. In contrast to the scheme in [46], but similarly to the schemes
in [77–79], proposed in the context of conventional relaying networks without spectrum
sharing, in [47, 48], the direct-link transmission is considered to convey useful information.
Thus, an additional diversity path is obtained and, consequently, the outage performance
is improved with respect to that attained by its counterpart in [46]. Hereafter, we refer to
such a coding scheme—one that enables the secondary destination to jointly decode the
signals coming from the secondary source and FD relay—as joint decoding (JD)1. On the
1Two JD schemes for relaying networks are regular encoding/sliding-window decoding and regular
encoding/backward decoding, whose information-theoretical basis has been developed in [80] and [81],









Fig. 4.1: System model (desired-signal links: solid lines; interference links: dashed lines).
other hand, a major practical concern with the schemes in [46–48] is that the maximum
transmit power available at the secondary nodes is considered to be unbounded, as it only
depends on the ratio between the interference power constraint and the channel state
from the secondary node to the primary receiver.
Differently from those works, herein we consider that the overall transmit power at
the secondary network is also limited by a maximum transmit power available at the
secondary nodes. In this context, we derive approximate and asymptotic closed-form
expressions for the outage probability of an underlay cognitive FD-DF relaying network
employing JD reception at the secondary destination, by means of which the impact of the
maximum interference power constraint and the RSI is investigated. We also investigate
the impact of different power allocations for the secondary source and relay.
The remainder of this chapter is organized as follows. Section 4.1 describes the system
model for cognitive FD-DF relaying networks with usable direct link. In Section 4.2,
we present an accurate closed-form approximation for the exact outage probability of
the scheme under investigation. In addition, an asymptotic analysis is carried out to
characterize its outage behavior at high SNR. Section 4.3 shows some numerical results
to validate the foregoing analysis. Finally, the conclusions of the chapter are drawn in
Section 4.4.
4.1 System Model
Consider an underlay CRN consisting of one secondary source S, one secondary FD-DF
relay R, and one secondary destination D, operating in the presence of a primary receiver
P , as depicted in Fig. 4.1. All nodes are single-antenna devices, except for the secondary
relay, which is equipped with one receive antenna and one transmit antenna. The solid
lines denote the desired-signal links, and the dashed lines denote the interference links. Let
respectively. Those schemes have been generalized in [82] and more recently applied to practical full-
duplex relaying scenarios in [77–79].
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(i) hX , hY , and hZ respectively denote the channel coefficients of the first hop, second hop,
and direct link at the secondary network; (ii) hW denote the channel coefficient of the RSI
2
at R; and (iii) hU and hV respectively denote the channel coefficients of the interference
links from S to P and from R to P . All these links undergo i.a.d. Rayleigh block
fading3, so that the corresponding channel power gains gA = |hA|2, A∈{X, Y, Z,W, U, V },
follow exponential distributions with mean value ΩA =E{|hA|2}. Moreover, let I be the
maximum tolerable interference power caused concurrently by S and R at P . Then, the
transmit powers at the secondary source and relay, PS and PR, are constrained as





















Pt if gV ≤ η̄I/Pt
η̄I/gV otherwise,
(4.3)
with Pt being the maximum transmit power at S andR, 0≤ η≤ 1 being an arbitrary power
allocation factor between S and R, and η̄=1− η, so that the maximum interference power
constraint in (4.1) is satisfied. Based on all this, the instantaneous received SNRs of the
first hop, second hop, direct link, and self-interference link can be respectively expressed
as X = gXPS/N0, Y = gY PR/N0, Z = gZPS/N0, and W = gWPR/N0, where PS and PR are
respectively given by (4.2) and (4.3), and N0 is the mean power of the background noise
at all secondary nodes, which is assumed to be AWGN. Now, by defining γ̄P ,Pt/N0
as the maximum transmit SNR at the secondary nodes and γ̄I , I/N0 as the maximum
tolerable interference-to-noise ratio at the primary receiver, we have that X , Y , Z, and





























2As usually considered for FD relaying (see, e.g., [23, 35, 46–48, 77–79]), we model the RSI at the
secondary relay as a Rayleigh fading channel, by assuming that the link between its transmit and re-
ceive antennas is dominated by the scattering component, while the specular component is considerably
attenuated after employing passive and active self-interference mitigation techniques [83].
3Herein, all channel coefficients are assumed to remain constant during each data transmission block,
but vary independently from one block to another.
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4.2 Outage Probability
In this section, approximate and asymptotic closed-form expressions for the outage
probability of the considered scheme are presented in the following theorems. In addition,
as an important byproduct, exact closed-form expressions for the CDF and PDF of X ,
Y , Z, and W are obtained in Appendix G. These expressions are original contributions
of this work.
Theorem 4.1. An approximate closed-form expression for the outage probability of un-
derlay CRNs operating under FD-DF transmission and JD reception at the secondary
destination is obtained as
Pout ≈ FγR (τ) + FγD (τ)− FγR (τ)FγD (τ) , (4.5)
where τ is the target SNR threshold, γR =X/(1+W ) is the instantaneous received SINR
at the secondary relay, and γD =Y +Z is the instantaneous received SNR at the secondary
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− Ei
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where Ei (·) is the exponential integral function [64, Eq. (8.211.1)].
Proof. The proof is provided in Appendix G. 
Theorem 4.2. The asymptotic outage probability at high SNR for underlay CRNs op-



























Proof. For a scenario in which the maximum transmit power at the secondary nodes, Pt,
is varied independently of the interference power constraint at the primary receiver, I, we
have that all the terms proportional to 1/γ̄P go to zero as Pt becomes larger in the high-
SNR regime (vide definition for γ̄P in Section 4.1). In addition, from the Maclaurin series
expansion of the exponential function [64, Eq. (0.318.2)], it follows that e−λ ≃ 1−λ when
λ→ 0. Using this into (4.5) and neglecting the high-order terms with respect to 1/γ̄P ,
after some lengthy manipulations, an asymptotic closed-form expression for the outage
probability can be obtained as in (4.8). 
Remark 4.1. From (4.8), we can observe that the asymptotic outage probability does
not depend on γ̄P ; instead, it is a constant value given in terms of the following sys-
tem parameters: (i) average channel powers of the first hop (ΩX), self-interference link
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(ΩW ), and interference links from the secondary source (ΩU ) and the secondary relay
(ΩV ) on the primary receiver; (ii) power allocation factor η; and (iii) the maximum tol-
erable interference-to-noise ratio at the primary receiver (γ̄I). Therefore, it follows from
the definition in (2.22) that the diversity order of the considered system is nil. In the
next section, it shall be seen how the asymptotic outage probability is affected by those
system parameters.
4.3 Numerical Results and Discussions
In the following, we present illustrative cases and simulations to validate our analyti-
cal expressions. We consider a 2D plane network with normalized distances, in which the
secondary source, relay, and destination are located at (0, 0), (0.5, 0), and (1, 0), respec-
tively, and the primary receiver is located at (0.25, 1). In addition, we assume that the
average channel power between any two nodes is ΩA = d
−α
A , A∈{X, Y, Z,W, U, V }, where
dA is the distance between the nodes, and α is the path loss exponent. We set α=4 and
τ =0 dB.
Fig. 4.2 shows the outage performance of the proposed scheme for different values
of average RSI, namely, ΩW =0,−10,−20,−30,−40 dB. We set γ̄I =20 dB and η=0.5
(i.e., equal power allocation). For comparison, the outage probabilities of the schemes
EPA [46, Eq. (15)] and EPA+JD [47, Eq. (8)] are also shown. For clarity, only the
cases ΩW =0 and −40 dB are shown for the EPA scheme. Note that the accuracy of
our approximate and asymptotic expressions is corroborated by the simulation results.
Also note there is an outage floor at high SNR, caused by two main factors: RSI and
maximum interference power constraint. For low RSI (e.g., ΩW =−40 dB), the outage
probability is chiefly governed by the maximum interference power constraint. In this
case, note that an outage floor is achieved for a transmit system SNR around the value of
the interference constraint (2γ̄P ≈ γ̄I =20 dB). On the other hand, as the RSI increases,
the outage performance deteriorates, as expected, so that the floor level also increases.
In particular, note that, as more transmit SNR is allowed, our scheme approaches the
performance of the EPA+JD scheme, as expected. In addition, when a very low transmit
SNR is allowed, our scheme is outperformed by the EPA+JD scheme (and even by the
poorer EPA scheme). This is indeed quite intuitive, as the EPA and EPA+JD schemes
have unbounded transmit SNRs. But less intuitive is the behavior at medium-to-high
transmit SNR. In this range, the constrained transmit power in our scheme proves to be
advantageous, leading to a lower outage probability. This is because the reduced transmit
power is outbalanced by the corresponding reduced self-interference.
Fig. 4.3 shows the impact of the power allocation factor between the secondary source
and relay on the outage probability. We set γ̄I =20 dB and ΩW =−20 dB. Note that
the performance improves as more power is allocated to the source (increasing η). This
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Fig. 4.2: Outage probability versus transmit system SNR for different values of average
RSI channel power ΩW , with γ̄I =20 dB and η=0.5. The exact outage probabilities for
the schemes EPA [46, Eq. (15)] and EPA+JD [47, Eq. (8)] are also shown.
is because the effect of the RSI diminishes, as less power is allocated to the relay. In
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η=0.1, 0.3, 0.5, 0.7, 0.9
Fig. 4.3: Outage probability versus transmit system SNR for different values of power


































































































































































η=0.1, 0.3, 0.5, 0.7, 0.9
Fig. 4.4: Outage probability versus distance between secondary source and relay for differ-
ent values of power allocation factor η, with γ̄I =20 dB, ΩW =−20 dB, and 2γ̄P =30 dB.
Fig. 4.4 shows the outage performance of the system under investigation versus the
distance dX between the secondary source and relay for different values of the power
allocation factor η. Here, the position of R is no longer fixed; instead, it is ranged over
the distance between S and D, so that 0 < dX < 1 and dX + dY = 1. In addition, to
keep symmetry with respect to S and R, the primary receiver is located at (dX/2, 1). We
set γ̄I =20 dB, ΩW =−20 dB, and 2γ̄P =30 dB. Once again, for η > 0.5, note how our
scheme outperforms the EPA and EPA+JD schemes. Yet, when η < 0.5 and R is closer
to D, our scheme deteriorates, being even poorer than EPA.
4.4 Conclusions
This chapter studied the outage performance of an underlay cognitive FD-DF re-
laying network employing JD reception at the secondary destination. An approximate
closed-form expression for the outage probability was proposed, the accuracy of which
was corroborated by Monte Carlo simulations. It was found that either the maximum
interference power constraint at the primary receiver or the RSI may lead to a floor
in the outage performance at high SNR. Through an asymptotic analysis of the outage
probability, this floor was analytically derived in terms of the system parameters.
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Chapter 5
Adaptive Relaying: Half Duplex, Full
Duplex, or no Cooperation
5.1 Introduction
Differently from all prior works concerning underlay CRNs, in which the secondary
network is limited to operate in either HD or FD relaying mode, and in order to overcome
the limitations inherent to each relaying mode1, herein we propose an adaptive transmis-
sion scheme. Before each communication process, the proposed scheme selects one out
of the following transmission modes, under the criterion of maximizing the instantaneous
capacity of the secondary network: HD relaying, FD relaying, or DT with no coopera-
tion. In contrast to the common assumption of a coverage-extension scenario, whereby
the direct link is considered to be unavailable or to convey a weak interference signal (as
in the case of FD relaying), owing to the path loss or the severe shadowing caused by
large obstacles (see, e.g., [23, 35, 37, 39, 40, 46, 75, 76]), our study is focused on exploiting
the spatial diversity offered by the direct-link transmission, using it as a source of useful
information2. Accordingly, when the CRN operates in HD relaying mode, we consider
that the secondary destination merges the received signals coming from the secondary
source and relay by employing MRC, whereas in the FD relaying mode the secondary
destination combines these signals by employing JD.
This chapter investigates the outage performance of a underlay CRN consisting of
one source, one DF relay, and one destination, which employs the proposed adaptive
transmission scheme. To the best of our knowledge, this is the first study addressing
an adaptive transmission scheme that includes the HD relaying, FD relaying, and DT
modes, in the context of an underlay spectrum-sharing scenario. The following are the
key contributions of this chapter:
1Please refer to Section 1.2.2 for more details on the tradeoff between HD and FD relaying.
2The motivation for this is that, in general, the channel power gain of the direct link may be non-
negligible. Moreover, even in such adverse fading scenarios, the direct link is likely to be temporarily
usable, although it is supposed to be blocked on average [23].
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• Exact closed-form expressions are derived for the joint PDF and CDF of the instan-
taneous received SNRs corresponding to the first hop and direct link, and of those
corresponding to the second hop and self-interference link at the secondary network.
From these statistics, the corresponding expressions for the marginal CDF and PDF
are also derived. It is worthwhile to point out that the RVs corresponding to the
instantaneous received SNRs of the first hop and direct link are indeed correlated,
as will be specified later. The same holds true for those corresponding to the second
hop and self-interference link. As far as we are aware, this correlation has been
generally neglected in the literature, concerning the analysis of CRNs. Moreover,
although an analysis derived from the assumption of independence between these
RVs may render a good approximation for the outage probability, as in the case of
the schemes in [46–48], which consider the FD relaying mode only, such assumption
leads to a non-negligible gap in performance when an adaptive transmission scheme
is considered, as shall be seen in Section 5.6.
• An exact integral-form expression is derived for the outage probability of the pro-
posed adaptive transmission scheme, which is validated by Monte Carlo simulations.
Numerical results reveal a floor in the outage curves at high SNR, after the max-
imum transmit system power exceeds the maximum interference power constraint,
provided that these quantities are varied independently of each other.
• A closed-form approximation is proposed for the aforementioned exact expression,
proving to be very tight along the whole range of values of transmit system SNR.
• An asymptotic closed-form expression is obtained for the proposed approximation,
so as to characterize the outage floor at the high-SNR regime and assess the impact of
the interference power constraint at the primary receiver on the secondary network.
The remainder of this chapter is organized as follows. Section 5.2 details the system
model and the proposed adaptive transmission scheme. Section 5.3 characterizes the out-
age performance of the proposed scheme by deriving an exact integral-form expression. In
Section 5.4, we propose a highly accurate closed-form approximation for the derived exact
outage probability. In Section 5.5, based on this approximate expression, we characterize
the asymptotic outage performance at high SNR. Section 5.6 includes some numerical
results and discussions, as well as Monte Carlo simulations to validate our theoretical
expressions. Finally, Section 5.7 provides the main conclusions of the chapter.
5.2 System Model
Consider an underlay CRN composed of one secondary source S, one secondary DF
relay R, and one secondary destination D, operating in the presence of a primary re-









Fig. 5.1: System model (desired-signal links: solid lines; interference links: dashed lines).
ceiver P , as illustrated in Fig. 5.1. All nodes are single-antenna devices, except for the
secondary relay, which is equipped with one receive antenna and one transmit antenna3.
The solid lines denote the desired-signal links, and the dashed lines denote the interference
links. Let (i) hX , hY , and hZ respectively denote the channel coefficients of the desired-
signal links corresponding to the first hop, second hop, and direct link, at the secondary
network; (ii) hW denote the channel coefficient of the RSI
4 at R, when FD relaying is
the selected mode; and (iii) hU and hV respectively denote the channel coefficients of the
interference links from S to P and from R to P . All these links are assumed to undergo
i.a.d. Rayleigh block fading, so that the channel coefficients hA, A∈{U, V,W,X, Y, Z},
can be modeled as zero-mean, independent, circularly symmetric complex Gaussian RVs
with variance ΩA =E [|hA|2]. Correspondingly, the channel power gain gA= |hA|2 follows
an exponential distribution with mean value ΩA. Also assume that the received signals at
each node are perturbed by AWGN with mean power N0. In addition, given an underlay





















Pt if gV ≤ I/Pt
I/gV otherwise,
(5.2)
where I is the maximum tolerable interference power caused by S and R at P , and Pt is
the maximum transmit power at S and R. Based on all this, the instantaneous received
signal-to-noise ratios (SNRs) of the first hop, second hop, direct link, and self-interference
3Both FD and HD relaying modes can benefit from using two antennas at the relay, by enabling high
physical isolation between the antennas in order to mitigate the self-interference in the former case, and
by optimizing the antenna configurations (e.g., placement and directivity) in two different directions in
the latter [23].
4As in Chapter 4, we model the RSI at the secondary relay as a Rayleigh fading channel.
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link can be respectively written as X = gXPS/N0, Y = gY PR/N0, Z = gZPS/N0, and
W = gWPR/N0, where PS and PR are respectively given by the expressions in (5.1)
and (5.2). In fact, these expressions are valid only for the HD relaying and DT modes. In
the particular case of the FD relaying mode, PS and PR are halved. This is because, for
the sake of fairness, we consider that the maximum transmit system power is the same
for all the transmission modes, equal to Pt. More specifically, during each channel use,
provided that the interference power constraint is satisfied, the transmit powers at S and
R are set as follows: (i) in the HD relaying mode, we use PS and PR, respectively, so that
either S or R is allowed to transmit alternately with a maximum power Pt; (ii) in the FD
relaying mode, we use PS/2 and PR/2, respectively, so that S and R are each allowed to
transmit concurrently with a maximum power Pt/2; and (iii) in the DT mode, we use PS
at S, while dispensing with R, so that S is allowed to transmit with maximum power Pt.
Thus, the following constraints concerning each transmission mode are met:







≤ I, for FD relaying; (5.3b)
gUPS ≤ I, for DT. (5.3c)
According to the proposed adaptive transmission scheme, the secondary network op-
erates by dynamically switching among the three considered transmission modes, based
on the instantaneous channel conditions. More specifically, before each communication
process, the proposed scheme selects the transmission mode that maximizes the instan-
taneous capacity of the secondary network.
5.3 Exact Analysis
In the proposed adaptive transmission scheme, an outage event occurs when the in-
stantaneous capacity of the system, corresponding to the transmission mode that provides
the maximum instantaneous capacity, namely, FD relaying, HD relaying, or DT, is less
than a predefined target spectral efficiency R (bits/s/Hz). Then, the outage probability
for such a scheme can be formulated as in the following theorem.
Theorem 5.1. The exact outage probability for CRNs operating under the proposed













R − 1 and τ2 , 22R − 1 are SNR thresholds corresponding to the target spectral
efficiency R, the former being defined for the FD relaying and DT modes and the latter
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for the HD relaying mode.
Proof. An outage occurs if the maximum information rate supported by the system falls
below a certain target spectral efficiency R. The corresponding outage event is then
given as {max {CFD, CHD, CDT}<R}, where CFD, CHD, and CDT are the instantaneous



















log2 (1 + min {X, Y + Z}) , (5.5b)
CDT = log2 (1 + Z) , (5.5c)
where in (5.5a) and (5.5b) we have considered that the relay operates under the DF
protocol. Hence, the probability of this outage event is obtained as
Pout = Pr [max {CFD, CHD, CDT} < R]
= Pr[CFD < R, CHD < R, CDT < R]. (5.6)
Note in (5.5a) that the received SNRs at the secondary relay and destination are halved,
since we have considered equal power allocation for the secondary source and relay, so
that the interference power constraint in (5.3b) is satisfied. Also note in (5.5a) that
the direct-link transmission is handled at the secondary destination as an information
signal, differently from [46, Eqs. (13) and (18)], where it is considered as interference. In
addition, note in (5.5b) that a pre-log factor of 1/2 appears, since the same SU information
is transmitted over two channel uses. Accordingly, for a given spectral efficiency R, the
target SNR thresholds for the FD and DT modes and for the HD relaying mode are defined
as τ1, 2
R − 1 and τ2, 22R − 1, respectively. Now, by substituting (5.5) into (5.6), and
after some algebraic manipulations, the outage probability of the proposed scheme can
be rewritten as in (5.4), which completes the proof. 
The expression for Pout in Theorem 5.1 can be computed as in Proposition 5.1, to
be presented later on. Before proceeding, we present the following lemma, which will be
useful in the proof of this proposition.
Lemma 5.1. Let γ̄P , Pt/N0 be the maximum transmit system SNR available at the
secondary source and relay, and γ̄I , I/N0 be the maximum tolerable interference-to-
noise ratio at the primary receiver, so that the instantaneous received SNRs X and Z,
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Then, the joint CDF and PDF of X and Z are respectively obtained as
FX,Z(x, z) = 1− e−
x
γ̄P ΩX − e−
z














































































Proof. The proof is provided in Appendix H. 














it is possible to show from Lemma 5.1 that their joint CDF and PDF, FW,Y (· , ·) and
fW,Y (· , ·), are respectively given by (5.8) and (5.9), with ΩX , ΩZ , and ΩU being replaced
by ΩW , ΩY , and ΩV , in this order. Moreover, using [84, Eqs. (6.9) and (6.10)], the


























γ̄PΩU (x2ΩU + xγ̄IΩX − γ̄I γ̄PΩ2X)
(γ̄IΩX + xΩU )2
]
. (5.12)
Following the same rationale, the marginal CDF and PDF corresponding to Z, W , and
Y can be obtained as in (5.11) and (5.12), respectively, with the following replacements:
ΩX by ΩZ , for Z; ΩX and ΩU by ΩW and ΩV , for W ; and ΩX and ΩU by ΩY and ΩV ,
for Y .
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Remark 5.1. It should be stressed that the correlation between the SNRs of the first
hop and direct link, X and Z, as well as between the SNRs of the second hop and self-
interference link, Y and W , has been neglected in the literature, concerning the analysis
of CRN, particularly under the FD relaying mode. As aforementioned, even though an
analysis derived from the assumption of independence between these variates may provide
a good approximation to the exact outage probability, by considering schemes operating
under a given fixed transmission mode only (e.g., as in [46–48]), it renders a non-negligible
gap in performance when an adaptive transmission scheme is contemplated, as shall be
seen later. In addition, by bearing in mind the intricacy of the joint distributions in (5.8)
and (5.9), it is not surprising that an exact mathematical analysis may become intractable,
depending on the complexity of the system under investigation.
Now, with the results of Lemma 5.1 as our primary tool, we formulate the following
proposition on the outage probability of the proposed scheme.
Proposition 5.1. The exact outage probability for underlay CRNs operating under the
proposed adaptive transmission scheme, formulated as in (5.4), can be solved as
Pout = FY (τ1)FZ (τ1)+FX,Z (τ2, τ1)
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γ̄P ΩW ΩV (w
2ΩV + wγ̄IΩW − γ̄I γ̄PΩ2W )




W + wγ̄IΩW + w















Y + yγ̄IΩY + y




γ̄PΩY (γ̄IΩY ΩW + wΩVΩY + yΩVΩW )2















In addition, the integral terms defined as I1 and I2 can be obtained in closed form:
the former being solved as in (K.1), where Θ3(τ1) ,
∫ τ1
0
FX(τ1(w + 2))fW (w) dw can be
computed as in (K.2); and the latter being solved as
I2 = Θ4(2τ1, 2τ1)−Θ4(τ1, 2τ1), (5.16)
where Θ4(a, b) ,
∫ a
0
FZ(b − y)fY (y) dy, with a ≤ b, can be computed as in (K.3). For
clarity and ease of reference, the expressions corresponding to I1, Θ3(τ1), and Θ4(a, b) are
shown in Appendix K. Note in (5.13) that other integral terms have been defined, as I3
to I7. Those terms cannot be solved in an exact closed form, but shall be addressed in
the next section in an approximate fashion.
Proof. The proof is provided in Appendix I. 
Remark 5.2. Note from (5.4) that an exact closed-form expression for the outage prob-
ability of the proposed transmission scheme proves to be extremely intricate, leading to
a four-fold integral-form solution, given as in (I.1), in Appendix I. Although numerical
integration using standard computing softwares such as Mathematica and Matlab is feasi-
ble, it is time-consuming, undergoing sometimes slow-convergence issues that may lead to
inaccurate results. In turn, in Proposition 5.1, the original formulation for Pout in (I.1),
composed of five four-fold integral-form terms, was reduced to a significantly simpler, less
complex integral-form expression, given as in (5.13). It should be emphasized that this
expression is exact, and, importantly, the single- and two-fold integral terms therein can
indeed be efficiently evaluated by numerical methods found in the aforementioned comput-
ing softwares. Nevertheless, although our formulation is exact, an alternative closed-form
solution for the integral terms in (5.13) is particularly appealing. In the following section,
we propose an approximation to the outage probability, which is solved in closed form.
Furthermore, as shall be seen in Section 5.6, this approximation proves to be highly accu-
rate over the whole range of values of transmit system SNR, for any values of the average
RSI channel power at the secondary relay and the interference power constraint at the
primary receiver.
5.4 Approximate Solution
In this section, we present a tight closed-form approximation to the exact outage
probability of the proposed scheme, given by (5.13). More specifically, we propose an
approximate solution for the integral terms Ii, i=3, 4, . . . , 7, in the referred expression,
as formulated in the following theorem.
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Theorem 5.2. A closed-form approximation to the outage probability in (5.13), for










1− FW (τ1)− FY (τ2 − τ1) + FW,Y (τ1, τ2 − τ1)
]
















where Θ5(τ1) can be evaluated as in (K.4), shown at the end of Appendix K.
Proof. The proof is provided in Appendix J. 
5.5 Asymptotic Analysis
In this section, an asymptotic closed-form expression at the high-SNR regime for the
proposed approximation in (5.17) is presented in the following theorem.
Theorem 5.3. The asymptotic outage probability at high SNR for underlay CRNs op-










1− F̃W (τ1)− F̃Y (τ2 − τ1) + F̃W,Y (τ1, τ2 − τ1)
]
















where Ĩ1, Ĩ2, Θ̃3(·), Θ̃4(· , ·), Θ̃5(·), F̃X,Z(· , ·), F̃W,Y (· , ·), and F̃A(·), A ∈ {W,X, Y, Z}, are







(τ1ΩU (2ΩV − γ̄IΩW ) + γ̄IΩVΩX)2(τ1ΩU(ΩV (ΩX + 2ΩZ)− γ̄IΩWΩZ) + γ̄IΩV ΩXΩZ)2
×
{
γ̄IΩW (γ̄IΩW + τ1ΩV )
[





1ΩUΩZ + τ1ΩU (ΩX + 2ΩZ)






(τ1ΩU (−γ̄IΩWΩZ +ΩV ΩX + 2ΩV ΩZ) + γ̄IΩV ΩXΩZ)2
− log(γ̄IΩX + τ1(τ1 + 2)ΩU )(τ1ΩU (−γ̄IΩWΩZ +ΩVΩX + 2ΩV ΩZ) + γ̄IΩV ΩXΩZ)2
]
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− τ1Ω2VΩX
(
τ1ΩU(2ΩV −γ̄IΩW ) + γ̄IΩV ΩX
)(
τ1ΩU (ΩV (ΩX+2ΩZ)−γ̄IΩWΩZ)+γ̄IΩV ΩXΩZ
)
− γ̄Iτ1ΩUΩV ΩWΩX log(γ̄IΩW )(γ̄IΩW + τ1ΩV )
(
τ1ΩU(ΩV (ΩX + 4ΩZ)− 2γ̄IΩWΩZ)
+ 2γ̄IΩVΩXΩZ
)
+ γ̄Iτ1ΩUΩV ΩWΩX(γ̄IΩW + τ1ΩV ) log(γ̄IΩW + τ1ΩV )
×
(







Ĩ2 = Θ̃4(2τ1, 2τ1)− Θ̃4(τ1, 2τ1), (5.20)
Θ̃3(τ1) ≃
τ1ΩUΩV
(γ̄IΩW + τ1ΩV )(τ1ΩU(2ΩV − γ̄IΩW ) + γ̄IΩV ΩX)2
×
[
























(ΩV (bΩU + γ̄IΩZ) + γ̄IΩUΩY )2
×
[
a(bΩV + γ̄IΩY )(ΩV (bΩU + γ̄IΩZ) + γ̄IΩUΩY )
γ̄IΩY (aΩV + γ̄IΩY )
+ γ̄IΩZ log
(
γ̄IΩY (ΩU (b− a) + γ̄IΩZ)





(τ1ΩU (2ΩV − γ̄IΩW ) + γ̄IΩVΩX)2
×
[




γ̄IΩV ΩX + 2τ1ΩUΩV
)]
, (5.23)














and, after the appropriate substitutions, similarly as in Lemma 5.1, F̃W,Y (· , ·) and F̃A(·),
A ∈ {W,Y, Z}, can be obtained from (5.24) and (5.25), respectively.
Proof. The proof follows a rationale similar to that of Theorem 4.2 in Chapter 4. 
Remark 5.3. From (5.18), we can observe that the asymptotic outage performance does
not depend on γ̄P ; instead, it is a constant value given in terms of the following system
parameters: (i) average channel powers of the first hop (ΩX), second hop (ΩY ), direct link
(ΩZ), self-interference link (ΩW ), and interference links from the secondary source (ΩU)
and relay (ΩV ) on the primary receiver; and (ii) the maximum tolerable interference-to-
noise ratio at the primary receiver (γ̄I). Hence, it follows from the definition in (2.22)
that the diversity order of the considered system is nil. In Section 5.6, it shall be seen
how the asymptotic outage behavior is affected by those system parameters.
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5.6 Numerical Results
In this section, we assess our new analytical results derived in Sections 5.3 to 5.5 for the
outage probability of the proposed adaptive transmission scheme in a number of scenarios
of interest. Monte Carlo simulations are also included to corroborate our analysis. For
illustration purposes, we consider a 2D plane network with normalized distances, in which
the secondary source, relay, and destination are respectively located at (0, 0), (0.5, 0), and
(1, 0), and the primary receiver is located at (0.25, 1). In addition, we assume that the
average channel power between any two nodes is determined by the corresponding distance
between them, that is, ΩA = d
−α
A , A∈{U, V,W,X, Y, Z}, where dA is the distance between
the nodes and α is the path loss exponent. We use α=4 and R=1 bits/s/Hz in our
examples.
Fig. 5.2 shows the outage probability of the proposed adaptive transmission scheme
in an underlay spectrum-sharing scenario versus the maximum transmit system SNR, for
two different values of average RSI channel power, specifically, ΩW =0, −40 dB. We set
γ̄I =10 dB. For comparison purposes, the simulated outage performance for fixed trans-
mission modes (DT, HD relaying with MRC, and FD relaying with JD) operating alone is
also provided. For each of the fixed transmission modes, the instantaneous capacity was
respectively defined as in (5.5a)–(5.5c), in Section 5.3. In addition, for the FD relaying
mode, the same aforementioned values of RSI are considered. Equivalence among the
different schemes was attained by using the same total transmit power in all cases, as
given by (5.3). Note that our exact analytical expression, given by (5.13), is validated
by the simulation results. Also note that, for all the considered schemes, an outage floor
is observed at the high-SNR regime. This is due to the transmit power constraint on
the secondary nodes, inherent to the underlay spectrum-access strategy, which is inflicted
by the maximum tolerable interference power at the primary receiver. Indeed, we ob-
serve that the outage floor is achieved for a transmit system SNR around the value of
the interference constraint (γ̄P ≈ γ̄I =10 dB), that is, after the maximum allowed value
of transmit SNR is reached. As a result, the outage performance saturates, irrespective
of any further increase in the maximum transmit system SNR available at the secondary
nodes. On the other hand, we observe from Fig. 5.2 that, for low SNR values (γ̄P ≤ 0 dB),
the FD relaying mode outperforms the HD relaying mode, whereas for the medium-to-
high SNR region, the relative FD performance is determined by the average RSI channel
power at the secondary relay. That is, for low values of average RSI channel power (e.g.,
ΩW =−40 dB), the FD mode performance always surpasses that attained by the HD
mode. By contrast, as the average RSI channel power increases (e.g., ΩW =0 dB), the
outage performance of FD relaying deteriorates, as expected. On the other hand, the pro-
posed adaptive transmission scheme is superior to its fixed HD, FD, and DT counterparts,
along the entire SNR region, showcasing that a non-negligible gain can be attained by



















































































Fig. 5.2: Outage probability of proposed adaptive transmission scheme versus transmit
system SNR, and comparison with fixed transmission schemes, for two different values of
average residual self-interference channel power ΩW , with γ̄I =10 dB.
using a dynamic switching transmission policy. However, also note that in the adaptive
transmission scheme, as well as in the FD relaying scheme, as the average RSI channel
power increases from −40 to 0 dB, the outage performance deteriorates, as expected, so
that the outage floor level also increases. More important, we observe that this perfor-
mance degradation is less critical in the adaptive transmission case when compared to
that undergone by the FD relaying scheme.
Fig. 5.3 shows simulations for the frequency of use of each transmission mode compos-
ing the proposed scheme (i.e., HD, FD, and DT), corresponding to the above-considered
scenarios. We can observe that FD relaying is the most frequently selected mode at low
SNR, while, interestingly, HD relaying is the less frequently selected mode along the en-
tire SNR region. On the other hand, for medium-to-high SNR, note that the frequency
of use of each transmission mode heavily depends on the value of ΩW . More specifically,
the lower the value of ΩW , the more frequently selected is the FD relaying mode, as the
effects of RSI diminish, while the HD relaying mode is barely selected. On the contrary,
as the average RSI channel power increases (i.e., as the deleterious effects of RSI prevails),
DT becomes the preferred transmission mode, while HD relaying presents a significant
increase in its frequency of use. In addition, Fig. 5.4 shows that, as γ̄I increases (e.g.,
to 30 dB), the HD relaying mode is more frequently selected than the FD relaying mode
(but still less frequently selected than the DT mode) in the high-SNR region. This is
due to the fact that, as more power is allowed to the secondary nodes, the HD relaying
performance improves, whereas the FD relaying performance remains limited by the RSI
at the secondary relay, as shown in Fig. 5.5.
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Fig. 5.3: Frequency of use of each transmission mode versus transmit system SNR for two
different values of average residual self-interference channel power ΩW , with γ̄I =10 dB.
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Fig. 5.4: Frequency of use of each transmission mode versus transmit system SNR for a
value of average residual self-interference channel power ΩW =0 dB, with γ̄I =30 dB.





















































































Fig. 5.5: Outage probability of proposed adaptive transmission scheme versus transmit
system SNR, and comparison with fixed transmission schemes, for a value of average
residual self-interference channel power ΩW =0 dB, with γ̄I =30 dB.
Fig. 5.6 shows the outage probability of the proposed adaptive transmission scheme
versus the distance dX between the secondary source and relay, for values of ΩW =0,−40 dB.
For comparison, the outage performance of DT, HD relaying with MRC, and FD relaying
with JD, is also illustrated. In this case, the position of R is no longer fixed; instead, it
is ranged over the distance between S and D, so that 0 < dX < 1 and dX + dY = 1. In
addition, to keep symmetry with respect to S and R, the primary receiver is located at
(dX/2, 1). We set γ̄P =10 dB and γ̄I =20 dB. Here again, we observe the superiority of
our scheme in terms of outage performance, irrespective of the position of the secondary
relay. In particular, the optimal relay position (i.e., the position that minimizes the outage
probability) is observed to be roughly midway between S and R. In addition, a significant
gain with respect to the fixed transmission modes is observed for dX > 0.5 (i.e., when R
is located closer to D). In general, the performance of both fixed HD and FD relaying
schemes (and even of the adaptive transmission scheme, albeit in a less degree) deteri-
orates as R approaches D. This is because the first hop becomes then the bottleneck
of the HD and FD relaying schemes, as can be corroborated from (5.5a) and (5.5b) in
Section 5.3. In the particular case of FD relaying, the performance degradation is further
aggravated as ΩW increases. In this sense, note that the proposed adaptive transmission
scheme proves to be more robust to the effects of the RSI when compared to the fixed
FD relaying mode, whose outage behavior is severely compromised for high values of ΩW
and, particularly, when the relay is far distant from the source.
Fig. 5.7 shows the impact of the interference power constraint at the primary receiver
on the outage performance of the proposed scheme, by considering sample illustrative val-


























































































































Fig. 5.6: Outage probability of proposed adaptive transmission scheme versus distance be-
tween secondary source and relay, and comparison with fixed transmission schemes, for two
different values of average residual self-interference channel power ΩW , with γ̄P =10 dB
and γ̄I =20 dB.
ues of γ̄I =0, 10, 20, 30 dB. As an example, we set ΩW =−20 dB. Note how the proposed
approximation, given by (5.17), is extremely tight to the exact outage probability in all
the cases, and how the asymptotic expression matches the outage performance in the
medium-to-high SNR region. Once again, the numerical examples obtained from all the
exact, approximate, and asymptotic derived expressions are supported by the simulation
results. In the figure, we can observe that, as the maximum tolerable interference power
at the primary receiver increases, more transmit power is allowed at the secondary nodes,
so that the threshold of transmit system SNR at which the outage floor occurs increases
and, therefore, the floor level decreases, thus improving the outage performance. Simu-
lated curves obtained under the assumption of statistical independence between the SNRs
X and Z, and between W and Y are also shown. Recall from Lemma 5.1 that X and Z,
and W and Y , are independent pairs of correlated RVs with joint PDF given by (5.9).
Nevertheless, as mentioned before, this correlation has been overlooked in the literature,
concerning the performance analysis of CRNs. We can notice from Fig. 5.7 that an out-
age analysis based on the statistical-independence assumption between the foregoing RVs
leads to results that differ from the actual outage performance, as a non-negligible gap is
observed. Fig. 5.8 corroborates this concern. This figure shows a comparison of the out-
age probability for the proposed adaptive transmission scheme versus the transmit system
SNR between our exact analytical expression, evaluated as in (5.13), and the simulation
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Fig. 5.7: Outage probability of proposed adaptive transmission scheme versus transmit
system SNR for different values of interference constraint γ̄I , with ΩW =−20 dB.

























Fig. 5.8: Comparison between exact and independence-based analysis for the outage
probability of the proposed scheme, considering different values of average residual self-
interference channel power ΩW , with γ̄I =10 dB.
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results obtained under the independence assumption5, for different values of average RSI
channel power ΩW = 0,−10,−20,−40 dB. As can be seen from the figure, there always
exists a performance gap, irrespective of the value of average RSI channel power.
5.7 Conclusions
This chapter presented an adaptive transmission scheme for an underlay cognitive DF
relaying network, whereby, before each communication process, one out of the following
transmission modes is dynamically selected: HD relaying, FD relaying, or DT. An exact
outage analysis was carried, which showed that the proposed scheme can significantly
boost the system performance in comparison with the conventional fixed transmission
modes, thus overcoming the limitations inherent to HD and FD relaying, namely, spectral-
efficiency loss and residual self-interference. In addition, an approximate closed-form
expression was proposed for the exact outage probability of the proposed scheme, which
proved to be very tight to the exact solution over the whole range of transmit system
SNR. From the latter expression, an asymptotic analysis at the high SNR-regime showed
that the outage performance exhibits a floor, provided that the transmit system SNR is
varied independently of the interference power constraint at the primary receiver. The
floor level was analytically characterized in terms of the system parameters. Numerical
results validated our analysis and showcased the accuracy of the proposed approximation.
5Here, for simulation purposes, independence between the instantaneous received SNRs X and Z,
defined as in (5.7), is attained by considering independent samples of the channel power gain between
the secondary source and the primary receiver, gU . A similar assumption is applied to the SNRs W and
Y with respect to the channel power gain gV .
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Chapter 6
Conclusions and Future Works
This final chapter summarizes the conclusions of this dissertation and provides some
research directions for future works.
6.1 Conclusions
In this dissertation, we investigated the joint impact of two major power constraints
concerning underlay spectrum sharing on the outage performance of CRNs, namely, the
maximum tolerable interference power at the primary receiver and the maximum transmit
power at the secondary nodes. Our study was focused on cooperative-diversity schemes
operating under the DF relaying protocol, for scenarios in which the direct link between
the secondary source and destination is available to transmit useful information. As a
general conclusion, from the analysis of the considered schemes, it was demonstrated that
if the maximum transmit power at the secondary nodes is varied independently of the
interference power constraint at the primary receiver, the outage performance exhibits
a floor, after a certain value of transmit SNR is achieved. This is due to the fact that,
for the transmit SNR region beyond that value, the interference power constraint at the
primary receiver becomes the dominant limiting factor to determine the transmit system
power, rather than the maximum transmit power available at the secondary nodes. In
the following, the main contributions of this work are summarized.
• Chapter 2 analyzed the performance of the MU-IDF and MU-IIDF schemes for an
underlay spectrum-sharing scenario. Exact analytical expressions were derived for
the outage probability and mean spectral efficiency of those schemes, and corre-
sponding asymptotic closed-form expressions were also obtained. The asymptotic
outage expressions revealed that the considered schemes can achieve full diversity
order, provided that the maximum transmit power at the secondary nodes is varied
proportionally to the interference power constraint at the primary receiver. On the
other hand, the mean spectral efficiency of both schemes was proven to approximate
6.2. Future Works 81
that attained by DT in the high-SNR regime.
• Chapter 3 examined the impact of outdated channel estimates on the destination-
scheduling mechanism of the MU-IDF scheme from the perspective of a conventional
cooperative network without spectrum sharing. Exact and asymptotic closed-form
expressions for the outage probability were derived. From the asymptotic analysis,
it was determined that the system diversity order reduces to two, regardless of the
number of destinations.
• Chapter 4 assessed the performance of a CRN operating under FD relaying with JD
reception at the secondary destination, when affected by RSI—which is inherent to
FD relaying—and underlay spectrum-sharing power constraints. An approximate
closed-form expression for the outage probability was proposed, reveling that either
the RSI or the interference power constraint at the primary receiver may lead to a
floor in the outage performance at high SNR. This floor was analytically determined
in terms of the system parameters.
• Chapter 5 proposed and analyzed an adaptive transmission scheme for CRNs, whereby,
before each communication process, one out of the following transmission modes is
selected in order to maximize the instantaneous capacity of the system: HD-DF re-
laying, FD-DF relaying, or DT. An exact analytical expression was derived for the
outage probability of the proposed scheme. In addition, an accurate closed-form
approximation to the exact outage probability was provided, and the corresponding
asymptotic expression was obtained. The proposed adaptive transmission scheme
was proven to be superior to its fixed HD, FD, and DT counterparts, over the whole
SNR region.
For all the investigated scenarios, exhaustive Monte Carlo simulations were run to val-
idate the accuracy of the presented mathematical analysis. The results obtained in this
work arise as a benchmark for further investigations in the design and development of fu-
ture wireless communication systems and mobile technologies, especially those concerning
spectrally efficient cooperative relaying schemes in underlay cognitive radio networks.
6.2 Future Works
Next, we highlight some proposals for further research on underlay CRNs and related
topics, based on the contributions of this dissertation.
• Primary-User Interference. For the proposed schemes, the effect of the in-
terference from the primary users on the CRN performance has been assumed to
be negligible. This assumption has been widely considered in the literature [37–
42, 44, 45, 60, 75]. In fact, this can be possible if the primary source is located far
6.2. Future Works 82
away from the secondary nodes, so that the interference links from the primary
source to the secondary receivers are subject to a considerable attenuation due to
the path loss and shadowing. Such assumption renders the mathematical analysis
more tractable and helps to reach fundamental insights on the performance of co-
operative relaying schemes under spectrum-sharing constraints. On the other hand,
because primary and secondary users share the same frequency band, a mutual
interference between them could be inevitable for certain scenarios. Hence, under-
standing the impact of the primary-user interference on the performance of CRNs
is also important. Few works have examined the impact of the primary-user inter-
ference on the performance of CRNs [43, 46–48, 62]. For example, in [43], the effect
of the interference inflicted by multiple primary sources on the outage performance
of a cognitive HD-DF relaying network was analyzed. However, in that work, the
analysis was performed by considering only an interference-limited scenario. That
is, the interference power at the secondary nodes was assumed to be considerably
stronger than the noise power, so that the noise terms were neglected. In [46–48],
the outage performance of cognitive FD-DF relaying networks was analyzed. In
those works, the interference coming from the primary source was represented by a
noise term, under the assumption that a noise-whitening filter is employed at the
secondary nodes, so that the overall noise at the secondary receivers was modeled
as AWGN of augmented variance. Very recently, the authors in [62] studied the
outage probability of a dual-hop cognitive HD-DF relaying network with multiple
secondary destinations. Therein, an SINR-based scheduling mechanism to exploit
MUD was proposed, whereby the desired secondary destination is selected based
on the channel quality of the second-hop links (i.e., those from the secondary relay
to the secondary destinations), as well as the interference links from the primary
source to the secondary destinations. Interestingly, the results of that study suggest
that, when the number of secondary destinations is large, a SNR-based schedul-
ing mechanism (i.e., one where the desired destination is selected solely based on
the channel quality of the second-hop links) is preferred, since it achieves almost
the same performance as the SINR-based mechanism and requires less amount of
CSI. Motivated by this, we propose, as topics for further research, to investigate
the effect of the primary-user interference on the performance of the MU-IDF and
MU-IIDF scheduling mechanisms, similarly as in [62], as well as on the performance
of FD-based relaying schemes, in addition to the RSI inherent to such systems.
• Impact of Outdated CSI. In Chapter 2, we have examined the impact of out-
dated channel estimates on the outage performance of the MU-IDF scheme, by
focusing only on a conventional relaying network without spectrum sharing. On the
other hand, perfect CSI has been assumed at the interference links from the sec-
6.2. Future Works 83
ondary to the primary network for the proposed schemes with underlay spectrum
sharing. However, due to channel estimation imperfections or feedback delays, such
assumption could be hard to achieve in practice. As a result, when the CSI at
the interference links is imperfect, the secondary users may adjust their transmit
powers incorrectly (vide, e.g., definitions for PS and PR in Chapter 2, given in (2.2)
and (2.3), respectively), thus inflicting an interference higher than the maximum
tolerable interference power at the primary receiver. Consequently, the system per-
formance can be seriously compromised. Some works have assessed the impact of
imperfect CSI at the interference links on the performance of CRNs [85, 86]. For
example, in [85], the diversity order of a CRN employing HD-AF relaying and the
best-relay selection scheme under imperfect CSI was shown to be reduced from
M +1 to zero, regardless of the number of secondary relays, M . Thus, the occur-
rence of a floor was observed in the corresponding curves of the outage probability.
In [86], the probability that the resulting interference from the secondary users on
the primary network is higher than the interference power constraint was shown to
be equal to 0.75, when imperfect CSI at the interference links is obtained. Based on
these observations, how outdated CSI impacts on the performance of our proposed
schemes is an issue that could be addressed in future works.
• Optimal Power Allocation in FD Relaying Schemes. Besides passive and
active self-interference mitigation techniques, optimal power allocation could be
employed in FD relaying schemes to further reduce the detrimental effect of RSI at
the secondary relay. In the context of conventional relaying networks without spec-
trum sharing, the authors in [23] showed that the use of transmit power adaptation
at the FD relay changes drastically the tradeoff between the FD and HD relaying
modes, rendering the selection of FD relaying more frequent, when employed a hy-
brid FD/HD transmission scheme. Hence, it would be of great interest to study
power optimization strategies at the secondary source and relay to further improve
the performance of the cognitive FD relaying networks.
• Generalized Channel Models. Along this dissertation, we have focused mainly
on Rayleigh fading channels. The extension of our results to more general fading
distributions, such as the Nakagami-m distribution, can render further insights into
the effect of the fading severity on the system outage performance. In particular,
the Nakagami-m distribution allows the characterization of more versatile fading
scenarios—more or less severe than the Rayleigh distribution—through the fading-
severity parameter m, including the one-sided Gaussian distribution (m=1/2) and
the Rayleigh distribution (m=1) as special cases. The Nakagami-m distribution
also approximates the Hoyt distribution, for m< 1, and the Rice distribution, for
m> 1 [63, Sec. 2.2.1.4]. Indeed, some studies have addressed the outage perfor-
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mance of CRNs over Nakagami-m fading [39, 45]. For example, in [39], the outage
probability of a dual-hop CRN employing HD-DF relaying over Nakagami-m fading
was investigated. Therein, the impact of the fading-severity parameters of the in-
terference links (i.e., those from the secondary to the primary users) on the outage
performance was shown to be closely related to the fading-severity parameters of
the secondary transmission links, as well as to the ratio between the interference
power constraint I and the maximum transmit system power Pt. Interestingly,
for I/Pt∼ 1, the outage performance of the system with interference links under-
going good channel conditions was shown to be superior to that of the system with
interfering links undergoing poor channel conditions, which may seem counterintu-
itive in principle. On the other hand, for Pt ∝ I, it was demonstrated in [45] that
the diversity order of an underlay cognitive DF relaying network employing the Nth
best-relay selection scheme is determined by the fading severity parameters of the
secondary transmission links, as well as by the difference between the number of
relays and the order of the selected relay, N . In this case, the fading severity pa-
rameters of the interference links proved to have no impact on the diversity order.
The foregoing observations arise as a motivation for further research on the influence
of the fading severity in CRNs.
• Second-Order Statistics for Cooperative Relaying Schemes. Most of the
literature dealing with conventional relaying networks is limited to the performance
analysis in terms of first-order statistics, such as outage probability and BER. In
fact, very little is known regarding the higher-order statistics of the relay channel,
despite their practical relevance (see, e.g., [87, 88] and the references therein). Level
crossing rate and average fade duration, for example, are important second-order
statistics to characterize the dynamic behavior of the fading process affecting the
communication channel, thus complementing the characterization provided by first-
order statistics, as well as rendering a more detailed performance assessment on the
relaying techniques. In particular, some design criteria exist (power and bandwidth
allocation over multiple hops, maximum latency requirements, among others) for
which the first-order statistics are insufficient. In this sense, the analysis of second-
order statistics for cooperative relaying schemes remains an open and challenging
area for further research.
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Proof of Proposition 2.1
Exact Outage Probability of the MU-IDF
Scheme
Here, we derive the exact outage probability of the MU-IDF scheme in an underlay
spectrum-sharing scenario. For given values of the channel power gains gU and gV , it
follows that the first-hop, second-hop and direct links are statistically independent from
each other. Thus, in accordance with the system model described in Section 2.2, whereby
the channel power gains of the second-hop and direct links follow exponential distributions,
whereas that of the first hop follows a noncentral chi-square distribution given by (2.1),
A1(τ | gU = u) in (2.9) can be calculated as



























where FZℓ|gU (· |u) and FX|gU (· |u) are respectively the conditional CDFs of Zℓ and X
given gU =u, γ̄Zℓ ,E [Zℓ | gU = u], and γ̄X ,E [X | gU = u]. On the other hand, since the
event {Yℓ∗ + Zℓ∗ <τ} implies the event {Zℓ∗ <τ}, A2(τ | gU = u, gV = v) in (2.9) can be
rewritten as
A2(τ | gU = u, gV = v) = Pr [X > τ | gU = u] Pr [Yℓ∗ + Zℓ∗ < τ | gU = u, gV = v]
︸ ︷︷ ︸














Moreover, according to the total probability theorem [84, Eq. (2.41)], A3(τ | gU = u, gV = v)
can be developed as
A3(τ | gU =u, gV = v) =
L∑
ℓ=1








































where FYℓ | gU ,gV (· |u, v) is the conditional CDF of Yℓ given gU =u and gV = v, and γ̄Yℓ ,





















so that, after some algebraic manipulations, the integral in (B.4) can be solved as in (2.15).
Now, the outage probability for the MU-IDF scheme can be obtained by solving (2.9),
where A1(τ | gU = u) and A2(τ | gU =u, gV = v) are given by (B.1) and (B.2), respectively,
with use of (B.3) and (2.15). To this end, we split the outage probability in (2.9) according
































[A1 (τ | gU = u) +A2 (τ | gU =u, gV = v)]fgU (u) fgV (v) du dv .
(B.9)























































ΩV du dv . (B.10)
After some algebraic manipulations, (B.10) can be simplified into (2.11).
Similarly, after the appropriate substitutions, the terms P IDFout,i, i=2, 3, 4, in (B.7)–
(B.9) can be expressed as in (2.12)–(2.14), respectively. In addition, after some algebraic
manipulations, the integral in (2.12) can be written as in (2.16).
Finally, combining (2.11)–(2.14) into (2.10), we arrive at an exact expression for the
outage probability of the MU-IDF scheme in a spectrum-sharing scenario.
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Appendix C
Special Case: MU-IDF under Rayleigh
Fading
For the special-case scenario in which all of the direct and relaying links undergo i.a.d.
Rayleigh block fading, a closed-form expression for the outage probability of the MU-IDF
scheme can be obtained, as shown next. Note that this scenario is obtained when the





2(1 +K)τλ)|K=0=exp(−τλ), where λ is a positive constant. Using this,


























































































































































































































where in step (b) we have used the multinomial expansion identity [71, Eq. (33)]; using [64,

























































































where Ei(·) is the exponential integral function [64, Eq. (8.211.1)] and ΨI , 1/γ̄IΩZℓ +
∑
j∈Sk







































































































































































































































































































out,i, a closed-form expression for the outage
probability of the MU-IDF scheme under Rayleigh fading is attained.
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Appendix D
Proof of Theorem 2.2
Asymptotic Outage Probability of the
MU-IDF Scheme
Here, we derive the asymptotic outage probability of the MU-IDF scheme in an un-
derlay spectrum-sharing scenario. From the system model detailed in Section 2.2, by
considering a scenario in which the maximum transmit power at the secondary nodes is
varied proportionally to the interference power constraint at the primary receiver, that is
Pt∝ I, we have that all of the terms proportional to 1/γ̄P—and, consequently, those pro-
portional to 1/γ̄I—go to zero as Pt becomes larger in the high-SNR regime. In addition,
by invoking the Maclaurin series expansion of the exponential function [64, Eq. (0.318.2)],
it follows that e−λ ≃ 1− λ when λ→ 0. Furthermore, the first-order Marcum Q-function
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γ̄PΩX
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with Ik (·) being the kth-order modified Bessel function of the first kind [64, Eq. (8.445)].
Using [89, Eq. (9.6.7)] and neglecting the higher-order terms with respect to 1/γ̄P in
(D.2), then (D.1) is obtained. Based on these results, after some algebraic manipulations,
asymptotic closed-form expressions for the terms P IDFout,i, i = 1, . . . , 4, given in (2.11)–(2.14),
can be respectively attained as in (2.18)–(2.21).
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Appendix E
Proof of Theorem 2.3
Exact Outage Probability of the MU-IIDF
Scheme
The outage analysis for the MU-IIDF scheme is performed by following a similar
procedure as in the MU-IDF case. According to the description presented in Section 2.2.2,
the conditional outage probability for a certain threshold τ and given values of the channel
power gains gU and gV can be formulated as
P IIDFout (τ | gU = u, gV = v) = Pr [Zℓ∗ < τ,X < τ | gU = u]
︸ ︷︷ ︸
B1(τ |gU =u)
+ Pr [Zℓ∗ < τ,X > τ, Yℓ′ + Zℓ′ < τ | gU =u, gV = v]
︸ ︷︷ ︸
B2(τ |gU =u,gV = v)
, (E.1)
where B1(τ | gU = u) is exactly the same as A1(τ | gU =u) in (B.1). In addition, since the
event {Yℓ′ +Zℓ′ < τ} implies the event {Zℓ∗ < τ}, B2(τ | gU = u, gV = v) can be rewritten
as
B2(τ | gU =u, gV = v) = Pr [X > τ | gU = u] Pr [Yℓ′ + Zℓ′ < τ | gU =u, gV = v]
︸ ︷︷ ︸
B3(τ |gU =u,gV = v)
, (E.2)
where Pr [X > τ | gU =u] is given by (B.3), and B3(τ | gU = u, gV = v) can be calculated
as














where B4,l can be derived as

































By substituting (E.4) into (E.3), B3(τ | gU =u, gV = v) can be attained as in (2.24). Now,
following the same procedure as in the calculation of the outage probability for the MU-
IDF case, that is, unconditioning (E.1) with respect to gU and gV , and taking into account
the four combined cases in (2.5) and (2.6), the outage probability for the MU-IIDF scheme




out,i , where P
IIDF
out,i , i = 1, . . . , 4, are respectively written as
P IDFout,i given in (B.6)–(B.9), but replacing A1(τ | gU = u) by B1(τ | gU =u), and A2(τ |
gU =u, gV = v) by B2(τ | gU = u, gV = v). Finally, after the appropriate substitutions and
manipulations, we arrive at an exact expression for the outage probability of the MU-IIDF
scheme in a spectrum-sharing scenario.
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Appendix F
Proof of Theorem 3.1
Exact Outage Probability of the MU-IDF
Scheme under Outdated CSI
Here, we derive the exact outage probability of the MU-IDF scheme under outdated
CSI. Based on the system operation described in Section 3.2, the outage probability for
a certain threshold τ can be written as
Pout =Pr [Zℓ∗ < τ,X < τ ]
︸ ︷︷ ︸
Θ1




In light of the statistical independence among the first-hop, second-hop, and direct links,
and in accordance with the system model detailed in Section 3.2, whereby the channel
power gains of the second-hop and direct links follow exponential distributions, whereas
that of the first hop follows a noncentral chi-square distribution given by (2.1), Θ1 can be
expressed as












Note in (F.2) that the CDF of Zℓ∗ is required in order to completely determine Θ1. To
this end, we first derive the PDF of Zℓ∗ , as follows. Since (Z̃ℓ, Zℓ), ℓ=1, . . . , L, are ℓ
independent pairs of correlated exponential RVs with joint PDF given by (3.1), it follows
from the theory of the concomitants of order statistics that the PDF of Zℓ∗—the true
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fZℓ|Z̃ℓ (z | z̃) fZ̃ℓ∗ (z̃) dz̃, (F.3)
where the conditional PDF of Zℓ given its outdated estimate Z̃ℓ can be obtained from (3.1)
as [51, Eq. (31)]


















and the PDF of the best direct-link received SNR Z̃ℓ∗ at the destination-selection instant



































where in step (c) we have used the multinomial expansion identity [71, Eq. (33)] and the
fact that the Z̃ℓ’s are i.i.d. exponential RVs with mean value γ̄z, as mentioned in Sec-














ν , and after some algebraic manipula-
tions, we obtain








[1 + k (1− ρ2)] γ̄Z
exp
(
− (1 + k) z
[1 + k (1− ρ2)] γ̄Z
)
. (F.6)











[64, Eq. (0.155.1)], the
CDF of Zℓ∗ can be attained as











− (1 + k) z
[1 + k (1− ρ2)] γ̄Z
)
. (F.7)
Now, turning our attention to the second term in (F.1), since the occurrence of the
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event {Yℓ∗ +Zℓ∗ <τ} implies that of the event {Zℓ∗ < τ}, Θ2 can be expressed as


















FZℓ∗ (τ − y) fYℓ∗ (y) dy, (F.10)
where FZℓ∗ (·) is given by (F.7) and fYℓ∗ (y) = fYℓ(y) =(1/γ̄Y ) exp(−y/γ̄Y ) is the PDF of
an exponential RV with mean value γ̄y, owing to the statistical independence between
the direct and second-hop links. Then, after some algebraic manipulations, the integral
in (F.10) can be solved as













× [1 + k (1− ρ
2)] γ̄Z










− (1 + k) τ
[1 + k (1− ρ2)] γ̄Z
)]
. (F.11)
Finally, substituting (F.7) into (F.2), (F.9) and (F.11) into (F.8), and combining these
partial results into (F.1), we arrive at an exact closed-form expression for the outage prob-
ability of the MU-IDF scheme when the opportunistic selection mechanism is subjected
to outdated CSI, given as in (3.2). This is an original contribution of this work.
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Appendix G
Proof of Theorem 4.1
Approximate Outage Probability of
Cognitive Full-Duplex Relaying Networks
Here, we derive an approximate closed-form expression for the exact outage probability
of cognitive FD-DF relaying networks. In the considered scheme, an outage event occurs
when the instantaneous end-to-end SNR is less than a given threshold τ . Correspondingly,
the outage probability can be written as
Pout = Pr [min {γR, γD} < τ ]
= Pr [γR < τ ] + Pr [γD < τ ]− Pr [γR < τ, γD < τ ]
= FγR (τ) + FγD (τ)− FγR,γD (τ, τ) , (G.1)
where the instantaneous received SINR and SNR at the secondary relay and destination,
























= Y + Z. (G.3)
Note in (G.3) that the direct link is treated by the secondary destination as an information
signal, differently from [46, Eqs. (13) and (18)], where it is treated as interference. On the
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other hand, note from (G.2) and (G.3) and from the definitions ofX , Y , Z, andW in (4.4)
that γR and γD are correlated RVs, so that the joint CDF in (G.1) cannot be expressed as
the product of the marginal distributions, i.e., FγR,γD(·, ·) 6=FγR(·)FγD(·)1. Nevertheless,
we have verified through exhaustive simulations that an analysis performed under the
assumption of independence between γR and γD renders an excellent approximate solution
for the exact outage probability of the considered scheme, as can be seen by illustrative
examples in Section 4.3. Therefore, the outage probability in (G.1) can be approximated
by (4.5). Note in the latter expression that, differently from (G.1), only the marginal
CDFs of γR and γD are needed to completely determine Pout. From (G.2) and (G.3),










FX(τ(1 + w))fW (w) dw, (G.4)




FZ(τ − y)fY (y) dy . (G.5)
In light of (G.4) and (G.5), the CDFs of X and Z, as well as the PDFs of W and Y ,
are required in order to compute the outage probability in (4.5). Here we derive the CDF
and the PDF of X , as the probability functions corresponding to Y , Z, and W can be
obtained by following a similar procedure. From (4.2) and (4.4a), a closed-form expression
















































































1It is worth mentioning that this correlation, concerning the analysis of cognitive FD relaying networks,
has been neglected in the literature (see, e.g., [46–48]). In particular, in [46–48], an analysis derived from
the assumption of independence between γR and γD, such that FγR,γD(·, ·)=FγR(·)FγD (·), is shown to
be a good approximation to the exact outage probability of the schemes considered in those works,
which operate under a fixed transmission mode, namely, the FD relaying mode. However, such an
assumption may lead to a non-negligible gap in performance when an adaptive transmission-mode scheme
is considered. We will address this issue in Chapter 5.
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where in step (d) we have used that I/Pt= γ̄I/γ̄P , and in step (e) we have considered
the fact that gX and gU are exponential RVs with mean values ΩX and ΩU , respectively.


















Following the same rationale, it can be shown that FZ(·) is given as in (G.6), but replacing
ΩX by ΩZ , and that fW (·) and fY (·) are both given as in (G.7), but replacing ΩX , ΩU ,
and η by ΩW , ΩV , and η̄, for the former, and ΩX , ΩU , and η by ΩY , ΩV , and η̄, for
the latter. Finally, by substituting these probability functions into (G.4) and (G.5), after
some lengthy simplifications, (4.6) and (4.7) are obtained, which concludes the proof.
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Appendix H
Proof of Lemma 5.1
Joint CDF and PDF of the SNRs at the
First Hop and Direct Link
Here, we derive exact closed-form expressions for the joint CDF and PDF of the instan-
taneous received SNRs corresponding to the first hop and direct link in an underlay CRN.
By defining Λ,min{γ̄I/gU , γ̄P}, it follows from the total probability theorem (continuous




FX,Z|Λ(x, z | λ)fΛ(λ) dλ, (H.1)
where FX,Z|Λ(x, z | λ) can be developed from [84, Eq. (6.1)] and (5.7) as
FX,Z|Λ(x, z | λ) = Pr [X < x,Z < z | λ]





















where in step (f) we have used the fact that FgX (·) and FgZ(·) are the CDFs of exponential
RVs with mean values ΩX and ΩZ , respectively. Note from (H.1) that the PDF of Λ is

















































if λ ≤ γ̄P
1 otherwise,
(H.3)
where FgU (·) is the CDF of an exponential RV with mean value ΩU . Now, by differenti-


























δ(λ− γ̄P ), (H.4)
where δ(·) denotes the Dirac delta function, u(·) denotes the unit step function, and fgU (·)
is the PDF of an exponential RV with mean value ΩU . Hence, substituting (H.2) and (H.4)
into (H.1), and integrating the result over λ with the use of the Sifting Property [91], after
some algebraic manipulations, we arrive at a new useful expression for the joint CDF of
X and Z, given as in (5.8). Finally, using fX,Z(x, z) = ∂FX,Z(x, z)/∂x∂z [84, Eq. (6.5)],
and after lengthy simplifications, a new expression for the joint PDF of X and Z can be
obtained as in (5.9), which concludes the proof.
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Appendix I
Proof of Proposition 5.1
Exact Outage Probability of the Proposed
Adaptive Transmission Scheme
Here, we derive the exact outage probability of the proposed adaptive transmission
scheme for underlay CRNs. We notice from (5.4) that the exact calculation of Pout involves
a four-fold integration of the joint PDF of W, X , Y , and Z over the region defined by the
outage events in the argument of Pr[ · ]. To do so, we can start the analysis of Pout by
partitioning the integration interval of w into two subintervals: (i) 0 < w < (τ2/τ1−2)= τ1
and (ii) w > τ1, as depicted in Fig. I.1. Then, the integration regions determined by the
outage events in (5.4) can be specified as follows. For 0 < w < τ1, we have τ1(w+2) < τ2,
so that the integration region is given by (Fig. I.1a)
{X < τ1(W + 2)}
⋃
{Y + Z < 2τ1}.




{τ2 < X < τ1(W + 2)}
⋂
{Y + Z < τ2}
)
⋃ (
{X > τ1(W + 2)}
⋂
{Y + Z < 2τ1}
)
.






























fX,Z(x, z)fW,Y (w, y) dxdy dz dw
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(a) (b)




















fX,Z(x, z)fW,Y (w, y) dxdy dz dw, (I.1)
where we have used fW,X,Y,Z(w, x, y, z) = fX,Z(x, z)fW,Y (w, y). This follows from the fact
that the instantaneous received SNRs at R and D from S, i.e., X and Z, both depend
on the channel power gain of the interference link from S to P , namely, gU . Likewise,
the instantaneous received SNRs at R and D from R, i.e., W and Y , both depend on
the channel power gain of the interference link from R to P , namely, gV (vide definitions
for X and Z, and for W and Y , in Section 5.3, given in (5.7) and (5.10), respectively).
Thus, X and Z, and W and Y constitute independent pairs of correlated RVs with joint
PDFs given by (5.9), with γ̄P and γ̄I being defined as in Lemma 5.1. Now, from (I.1),
using joint-statistics properties [84, Eqs. (6.6) and (6.10)] in the first and third terms, and
















fX,Z(x, z)fW,Y (w, y) dxdy dz dw
︸ ︷︷ ︸
Pout,2
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FX,Z (τ1(w + 2), τ1)
∫ τ1
0












FX,Z(τ1(w+2), 2τ1−y)fW,Y (w, y) dy dw .
(I.3)
In step (g) we have changed the order of integration between y and z [64, Sec. 4.61], as
depicted in Fig. I.2. In step (h), we have rewritten the integration interval of x ∈ [τ1(w+
2),∞) as x ∈ [0,∞) \ [0, τ1(w+ 2)], thus splitting each four-fold integral term in step (g)
into two new terms. Finally, in step (i), we have used joint-statistics properties [84,
Eq. (6.6) and (6.9)]. In addition, after using a similar approach as in the derivation of
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FX,Z (τ1(w + 2), τ1)− FX,Z (τ2, τ1)
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FX,Z (τ1(w + 2), τ2 − y)− FX,Z (τ2, τ2 − y)
]




FX,Z (τ1(w + 2), τ1)
∫ τ2−τ1
0




− FX,Z (τ2, τ1)
[











FX,Z (τ2, τ2 − y)
∫ ∞
τ1




In the foregoing expressions, with the use of [84, Eq. (6.11)], the terms Θ1(w, y) and








fW,Y (λ, y) dλ−
∫ w
0





where fY (·) is given by (5.12), with ΩX and ΩU being replaced by ΩY and ΩV , respectively.
Then, after some lengthy algebraic manipulations, (I.5) and (I.6) can be solved as in
(5.14) and (5.15). Finally, by summarizing these results, the outage probability in (5.4)
is evaluated as Pout =
∑4
i=1 Pout,i, given as in (5.13), which completes the proof.
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Appendix J
Proof of the Theorem 5.2
Approximate Outage Probability of the
Proposed Adaptive Transmission Scheme
Here, we derive an approximate closed-form expression for the exact outage prob-
ability of underlay CRNs employing the proposed adaptive transmission scheme. By
assuming statistical independence between the first hop and the direct link, and be-
tween the second hop and the self-interference link, we have fX,Z(x, z) = fX(x)fZ(z) and
fW,Y (w, y) = fW (w)fY (y). As aforementioned, this assumption provides an accurate ap-
proximation to the integral terms in (5.13). Then, it follows from the definitions of Ii,





















fW (w)fY (y) dy dw
= FY (τ2 − τ1)FZ(τ1)
∫ ∞
τ1















































where I8 and I9 can be solved as
I8 = Θ5(τ1)−Θ3(τ1), (J.6)
I9 = Θ4(τ2, τ2)−Θ4(τ2 − τ1, τ2), (J.7)
with Θ3(τ1) and Θ4(a, b) being given in Appendix K by (K.2) and (K.3), respectively.
Finally, by combining (J.1)–(J.5) into (5.13) and after some algebraic manipulations, we
arrive at an useful closed-form approximation to the outage probability of an underlay
CRN operating under the proposed adaptive transmission scheme, given as in (5.17).
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Appendix K
Partial Expressions in the Outage Analysis
of Adaptive Transmission
Here, we include partial expressions obtained from the exact analysis and approxi-
mate solution for the outage probability of the adaptive transmission scheme proposed in
Chapter 5.
I1 = Θ3(τ1)− e−
τ1
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γ̄P ΩW ΩX (τ1ΩV + γ̄IΩW )
(
τ21ΩUΩW (ΩV ΩX + 2ΩV ΩZ − γ̄IΩWΩZ)− γ̄IΩV Ω2XΩZ
)]
+ γ̄I(τ1ΩV + γ̄IΩW )(τ1ΩW +ΩX)
{
e
(τ1ΩV +γ̄IΩW )(τ1ΩW +ΩX )
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